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1.1  Radionuclides in Nuclear Medicine 

Radionuclides play an important role in nuclear medicine for disease diagnosis and treatment 

[1, 2]. Radionuclides that emit alpha, beta minus particles or Auger electrons are suitable for 

therapeutic application and are typically coupled to a targeting vector to ensure that they are 

delivered specifically to disease sites. Many examples of therapeutic radionuclides for 

internal radiotherapy can be given such as: 32P, 64Cu, 67Ga, 86Y, 89Sr, 90Y, 103Pd, 111In, 125I, 

131I, 169Yb,177Lu, 188Re, 211At, 225Ac and so on [3-6]. In contrast, for diagnostic applications, 

radionuclides that emit gamma-rays or positrons are commonly selected for imaging to find 

the location of a lesion or assess the disease progress. There are mainly two imaging 

modalities including position emission tomography (PET) and single-photon emission 

computed tomography (SPECT) [7]. In PET (Fig. 1.1 (a)) [8], radionuclides (11C, 13N, 15O, 

18F, 68Ga, 82Rb) that emit positrons are used for diagnostics. The emitted positrons interact 

with electrons, resulting in annihilation and generating a pair of 511 keV gamma photons, 

which will move in the opposite direction and can be captured by detectors used in PET. In 

SPECT (Fig. 1.1 (b)) [9], radiopharmaceuticals based on gamma-emitting isotopes (67Ga, 

99mTc, 111In, 123I, 201Tl) are administered to cancer patients and the emitted gamma-ray can be 

detected by gamma cameras. 

 

Fig. 1.1. Medical diagnostic tests using (a) positron emission tomography (PET) and 

single-photon emission computed tomography facilities (SPECT) 

Nowadays, different kinds of radionuclides are produced using nuclear reactors, generators 

and accelerators [1]. For an application in diagnostics and radionuclide therapy, the volume 

of injected radiopharmaceuticals is limited and its activity dose is always controlled in 1 ml 

solution. Furthermore, the production of radionuclides with high specific activity is usually 
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essential. Although many of the production routes are well established, there are new ones 

being developed to solve issues of availability or specific activity. This dissertation focuses 

on the production of 99mTc and 51Cr using novel materials, i.e., metal-organic framework 

(MOFs) materials.  

1.2  Properties of 99mTc and 51Cr 

1.2.1. Properties of 99mTc and 99Mo/99mTc generator 

99mTc is one of the most important radionuclides as it is used in more than 80% of diagnostic 

nuclear imaging procedures accounting for the diagnosis of 30~40 million patients every year 

[10]. The wide applicability of this radioisotope is due to its favorable nuclear and chemical 

characteristics:[11-14] 

(a) The half-life (6 h) ensures that there is enough time to complete testing minimizing the 

patient’s exposure to radiation. 

(b) 99mTc emitting low energy gamma-ray (140 KeV) can be easily detected.  

(c) SPECT using 99mTc results in good spatial resolution and high detection efficiency. The 

low gamma energy can be easily shielded to protect patients.   

(d) 99mTc possesses several chemical valence states that allow for the formation of diverse 

compounds, increasing application possibilities.  

(e) There exists a 99Mo/99mTc generator that provides onsite and on-demand 99mTc. 

In the past few decades, many 99mTc radiopharmaceuticals have been developed and applied 

in various diagnostic tests (Table 1.1). Therefore, a stable and convent supply of 99mTc is 

critical to guarantee the diagnosis of SPECT imaging. 99mTc is currently supplied by 

99Mo/99mTc generators in hospitals. The decay scheme of 99Mo mother nuclide is exhibited 

in Fig. 1.2. About 88% 99Mo decays to the metastable 99mTc with a half-life of 6.01 h and 

around 12% 99Mo decays to ling-lived 99Tc by emitting a beta minus particle. 99mTc decays 

to 99Tc (t1/2=21100 years) by isomeric transition emitting 140.5 keV gamma in the process. 

Finally, 99Tc decays to stable 99Ru through beta minus decay. In the 99Mo/99mTc generator 

system, the daughter radionuclide (99mTc) can be formed at a certain rate, which is determined 

by the relative half-life relationship between parent and daughter radionuclides. When the 

decay rate of the mother radionuclide (99Mo) is equal to the production rate of the daughter 
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radionuclide (99mTc), transient equilibrium is reached. The following equation can be used to 

calculate the number of atoms of daughter radionuclides formed at any time of the decay. 

                                            𝑁2 =
𝜆1

𝜆2−𝜆1
𝑁1

0(𝑒−𝜆1𝑡 − 𝑒−𝜆2𝑡) + 𝑁2
0𝑒−𝜆2𝑡                      (1) 

Where 𝑁1
0 and 𝑁2

0 represent the number of atoms of parent and daughter radionuclides when 

t=0, respectively. N2 is the number of atoms of daughter at time ‘t’. λ1 and λ2 are the decay 

constant of parent and daughter, respectively.  

Table 1.1. Technetium-based radiopharmaceuticals and their application [15]. 

Commercial name Imaging procedure 
99mTc-medronate (MDP) Bone scan 
99mTc-albumin Aggregated (MAA) Lung perfusion 
99mTc-pentetate (DTPA) Kidney scan and function 
99mTc-sestamibi Cardiac perfusion 
99mTc-exametazime Brain perfusion 
99mTc-mebrofenin Fall bladder function 
99mTc-etidronate Bone scan 
99mTc-disofenin Fall bladder function 
99mTc-succimer (DMSA) Kidney scan and function 
99mTc-tetrofosmin Cardiac perfusion 
99mTc-bicisate Brain perfusion 
99mTc-red blood cell Blood pool imaging 
99mTc-lidofenin Gall bladder function 
99mTc-mertiatide (MAG3) Kidney scan and function 
99mTc-oxidronate (HDP) Bone scan 
99mTc-sodium pertechnetate Thyroid, salivary gland, Meckel's scan 
99mTc-sulfur colloid Liver scan, sentinel lymph node 

localization 

 

Fig. 1.2. The decay scheme of Mo-99 to stable Ru-99 
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1.2.2 Properties of 51Cr and Szilard-Chalmers effect 

Chromium-51 (51Cr) is an attractive medical radioisotope as it can combine with hemoglobin, 

forming a stable compound [16]. It is commonly used for radiolabeling of red blood cells in 

order to determine the mass and volume of blood in patients [17, 18]. Additionally, this 

radionuclide is suitable for radiolabeling of platelets to determine their survival time and for 

detecting bleeding in gastrointestinal diseases [19]. Fig. 1.3 shows the 51Cr decay scheme. 

51Cr has a half-life of 27.7 days. 90% of 51Cr can decay directly to the ground state of 51V by 

electron capture. The other 10% of 51Cr decays to an excited state by electron capture and 

then further to the ground state emitting a gamma-ray of 320 keV.  

 

Fig. 1.3. The decay scheme of 51Cr to stable 51V 

To meet the requirements for applications in nuclear medicine, 51Cr having specific activity 

of 50 Ci/g is needed [20]. 51Cr can be produced by neutron activation in nuclear reactors. 

However, the natural abundance of 50Cr is only about 4.4% and its neutron capture cross-

section is 16 barns. To produce 51Cr with high specific activity, 50Cr enriched targets can be 

irradiated by neutrons, but this direct production method can only provide a low enrichment 

factor (~23), which means that the percentage of chromium in the irradiation targets is 23 

times higher than that of using natural chromium target [21].  

The so-called Szilard-Chalmers effect is an alternative method to produce high-specific 

activity radionuclides. In 1934, L. Szilard and T. Chalmers reported that 125I could be 

enriched based on chemical effects and nuclear transformation [22]. The recoil energy 

received by an atom emitting prompt gammas upon neutron capture can be high enough to 

break the chemical bond between the produced radionuclide and the stable irradiated isotope. 
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In such cases, the target radionuclide can be separated from the stable isotope, resulting in 

radionuclides of high specific activity. The recoil energy of the produced radionuclide can be 

determined by the following equation:  

𝐸𝑟 = 537 ∗
𝐸𝛾

2

𝑀
 

Where Er is the recoil energy in eV and 𝐸𝛾 is the average energy of the prompt gamma rays 

in MeV. M is the mass of the recoiling atom in amu. The desired radionuclide can be 

separated and enriched when its recoil energy is notably higher than the energy of the 

chemical bonds which it was originally bonded to.  

1.3  Current production of 99Mo/99mTc and 51Cr  

1.3.1 Current production of 99Mo and 99mTc 

To guarantee a stable supply of 99mTc for the global market, the production of 99Mo, the 

mother nuclide, is extremely important. In 2015, it was estimated by Nuclear Energy Agency 

(NEA) that the worldwide demand for 99Mo was about 9000 Ci/week. The demand for 99Mo 

appears to increase at a rate of 0.5 % and 5 % per year for mature markets and developing 

markets, respectively [23]. Nowadays, there are mainly three production pathways, including 

fission of uranium (235U), accelerator routes using photon reactions on 100Mo and neutron 

activation of 98Mo. Their pros and cons are discussed below. 

Fission 

In 2017, the majority of 99Mo used in nuclear medicine was produced by the fission of high 

enriched uranium (HEU, 235U content>20 %) producing 99Mo of very high specific activity. 

The 99Mo supplied for the global market was mainly produced by the HFR, Netherlands 

(stated in 1961, 6200 Ci/week), BR-2, Belgium (started in 1961, 7800 Ci/week), SAFARI, 

South Africa (started in 1965, 3000 Ci/week), Maria, Poland (started in 1974, 2700 Ci/week), 

LVR-15, Czech Republic (started in 1989, 3000 Ci/week) and OPAL, Australia (started in 

2007, 2150 Ci/week) [26]. There are also some other reactors that can produce smaller 

amounts of 99Mo, such as RBT-6/RBT-10a and WWR-c in Russia and RA-3 in Argentina.  

However, there are several disadvantages of this route. First, many of the large reactors are 

more than 40 years old and need to be maintained regularly. Unscheduled shutdowns of the 
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old reactors have become more frequent and tend to take longer to be back in operation, 

which caused 99Mo supply shortage. For example, the HFR reactor was shut down due to 

leaking in the cooling system and the NRU (National Research Universal, Canada) reactor 

was shut down for 1 year in 2009 due to a vessel leak [24]. Second, the production yield of 

99Mo is only about 6.1% while most of the other radionuclides are simply nuclear waste. 

Furthermore, this production process is not sustainable as the targets cannot be recycled. 

Third, the 99Mo production using HEU is considered a potential nuclear proliferation risk. 

Nowadays, to sustain long-term development, most reactors have achieved a transition to 

utilize low energy uranium for 99Mo production (LEU, 235U content≤20 %) [25], as shown in 

Fig. 1.4.  

 

Fig. 1.4. Speculative map of the 99Mo supply in 2020. Russia’s reactors will continue using 

HEU, but other reactors begin to produce 99Mo using non-HEU sources  [26]. 

Accelerator/ Cyclotron 

Other alternative methods to produce 99Mo and 99mTc are using linear accelerators or 

cyclotrons. For the cyclotron accelerator, charged particles are accelerated by an alternating 

voltage with high frequency in two semicircular electrodes. In a linear accelerator, electrons 

are accelerated using a high amplitude AC voltage in a straight line. Different targets can be 

bombarded using specific particles to produce 99Mo or 99mTc. Nowadays, more and more 

facilities are built to produce 99Mo as summarized in Fig. 1.5. Many of these routes generate 

much less nuclear waste. However, many of these production routes require large investments 

because of the expensive facilities and limited efficiency during production. For all these 

routes, the photon reaction of 100Mo is the most promising but results in low specific activity 
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99Mo (maximum of 100 Ci/g). 

 

Fig. 1.5. Reaction diagram for the production of 99Mo and 99mTc based on accelerator-

driven processes (electron, deuteron and proton can be used as projectiles for different 

nuclear reactions) [27] 

Neutron activation 

Another route to produce 99Mo is the neutron activation of 98Mo written as 98Mo(n, γ)99Mo. 

For this production process, enriched 98Mo (>99%) should be selected as the irradiation target 

and bombarded by thermal or epithermal neutron flux to generate radioactive 99Mo 

accompanied by the emission of prompt gammas. This production route has several 

distinctive advantages: (1) The production does not need to use 235U targets; (2) It will not 

generate additional nuclear waste; (3) A recyclable system can be built to reuse the non-

radioactive molybdenum; (4) More than 200 reactors worldwide can be used to produce 99Mo, 

which eliminates the geographic restriction; (5) The separation system is more 

straightforward compared with the fission produced 99Mo.  

However, when the enriched 98Mo target is irradiated for 8 days in a reactor with the thermal 

neutron flux of 1×1014 n∙cm-2∙s-1, the specific activity of neutron-produced 99Mo is much 

lower (4 orders of magnitude) than that of fission 99Mo. The activity of neutron-produced 

99Mo is determined by the neutron flux, reaction cross-section and the mass of the targets. 

The production equation is depicted as: 

𝐴𝑀𝑜−99 = 𝜑𝜎𝑁𝑀𝑜−98(1 − 𝑒−𝜆𝑡) 
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Where 𝜑  is neutron flux (n⸳cm-2⸳s-1), 𝜎  is cross-section (barn), NMo-98 is the amount of 

irradiated 98Mo and 𝜆  is the decay constant of 99Mo. The specific activity of produced 

molybdenum can be determined by: 

Asa=AMo-99/m 

In the thermal region, the cross-section of 98Mo is 0.13 barn, while the maximum cross-

section of 98Mo is 0.7 barn resonance in the epithermal region. But the integrated cross-

section is relatively low in the epithermal region. Therefore, the neutron-produced 99Mo has 

a relatively low specific activity, which makes that 99Mo produced by neutron activation 

cannot be implemented in current commercial generators. 

1.3.2 Current 51Cr production 

Over the past few decades, two methods referring to 51Cr production for nuclear medicine 

have been reported. Two main production methods are used to supply commercially 51Cr. 

One route is the direct neutron irradiation using an enriched chromium target to produce 51Cr, 

i.e. 50Cr(n, γ)51Cr reaction. The other one is based on the Szilard-Chalmers effect and applied 

when using different compounds of chromium. If the same mass sample, neutron flux and 

irradiation time are used, the alternative production route of the Szilard-Chalmers reaction 

can obtain higher enrichment factor. For example, potassium chromate as a target was 

irradiated for 66 h and H2SO4 as an extraction agent was employed by Harbottle et al. 

resulting in the 51Cr with a specific activity of 40 mCi/mg and an enrichment factor of 680 

[28]. Vimalnath et al. investigated the large-scale production of 51Cr using the Szilard-

Chalmers effect and the same target, and managed to obtain specific activity of 150 mCi/mg 

after 7 days of irradiation [29]. These papers proved that high specific activity of 51Cr could 

be achieved using potassium chromate as the radiation target based on the Szilard-Chalmers 

effect. However, the extraction procedures they used were very complex and introduced other 

impurities. Therefore, we propose a new production route using chromium-based metal-

organic frameworks as radiation targets to produce 51Cr with high specific activity based on 

the Szilard-Chalmers effect. More details about metal-organic frameworks are discussed in 

section 1.4.  
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1.4  Metal-Organic Frameworks 

Metal-organic frameworks (MOFs) are an emerging class of ordered porous materials, which 

consist of metal nodes/clusters and organic linkers connected by coordination bonds, as 

shown in Fig. 1.6 (a). Over 90000 MOFs with different topologies and compositions have 

been researched in the past few decades. MOFs have become one of the most attractive and 

compelling materials, and have great potential in many applications, including catalysis, drug 

delivery, sensing, fuel cells, adsorption and separation [30-41], because of their high surface 

area, tunable pore size, easy functionality and fantastic coordination (Fig. 1.6 (b)). These 

properties provide outstanding adsorption and separation performance, including adsorption 

capacity, adsorption kinetics, selectivity and stability [33, 42-45]. However, most MOFs have 

worse stability compared with traditional adsorbent materials such as activated carbon, 

mesoporous silica, graphene and nano metal oxides [46-49]. Therefore, several MOF 

candidates, which have excellent chemical, thermal and radiation stability, are selected and 

their potential used for radioisotope production is investigated in this research. 

1.4.1 Application of MOFs for the 99Mo/99mTc generator 

As mentioned before, the most promising alternative 99Mo production methods (98Mo(n, 

γ)99Mo and 100Mo(γ, n)99Mo) produce 99Mo with low specific activity ranging from 1 to 10 

Ci/g, which is much lower than the one produced by fission 99Mo (~50000Ci/g, The OPAL 

reactor) [50]. To prepare a 99Mo/99mTc generator having the same total activity (1~4 Ci) as a 

commercial generator, adsorbents with higher adsorption capacity should be developed so 

that low specific activity of 99Mo can be utilized in nuclear medicine.  

In the past few decades, many kinds of adsorbents were investigated for 99Mo/99mTc 

separation. Those adsorbents can be classified into three categories: bulk metal oxides, gels 

and nanomaterials. Their molybdenum adsorption capacity was certainly improved compared 

with that of commercial alumina used in clinical generators (2~20 mg/g), as shown in Table 

1.2. To improve molybdenum adsorption capacity, nanomaterial-based and functional 

adsorbents with high surface area and big pore sizes were developed. Although some 

adsorbents showed good adsorption properties, the required adsorption capacity still has not 

been achieved so far. Therefore, the utilization of MOFs as molybdenum adsorbents for the 

99Mo/99mTc generator was explored due to their extremely high surface area, tunable porosity 
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and easy functionalization. 

 

Fig. 1.6. Schematic representation of MOFs. (a) MOFs are constructed by metal clusters 

and organic linkers (b) strategies for modification of MOFs and composites. (ⅰ) MOFs 

having longer linkers; (ⅱ) MOFs with defects; (ⅲ and ⅳ) functionalized MOFs; (ⅴ) MOFs 

with core-shell structure or layered structure [44].  

  



Chapter 1 

 
 

 12 

Table 1.2. Summary of the molybdenum adsorption capacity of different adsorbents. 

Adsorbents 
Mo adsorption 

capacity (mg/g) 

Surface area 

(m2/g) 
Ref. 

TUD-1 112 402 [51] 

Hydrous MnO2 50 -- [52] 

TiO2 100 30 [53] 

Hydrous TiO2 230 -- [54] 

Al-dropped mesoporous SiO2 16.8 463 [55] 

Gibbsite-Al2O3 67.5 -- [55] 

Sulfated Al2O3 392 -- [56] 

Activated alumina 23.5 -- [57] 

Meso-Al2O3 225 230 [58] 

Mesoporous Al2O3 31 -- [59] 

Mesoporous Al2O3 250 542 [60] 

Mesoporous γ-Al2O3 56.2 251 [61] 

Nanocrystalline γ-Al2O3 200 252 [62] 

Al99Mo gel 364 -- [63] 

t-ZrO2 250 340 [64] 

PZC 285 -- [65] 

Zirconium polymers PZC 200 -- [66] 

Zirconium-based material 177 -- [67] 

Hydrotalcite 140 -- [68] 

Al2O3-sulfated-zirconia 270 -- [69] 

Poly nano-cerium chloride 195 -- [70] 

Cerium molybdate gel 53 -- [71] 

ZrMoSi gel 2.88 -- [72] 

Silica–zirconia inorganic polymer 450 140 [73] 

 

1.4.2 Application of MOFs for 51Cr production 

Applications such as red blood cell labeling, spleen scintigraphy and diagnosis of 

gastrointestinal bleeding require 51Cr with high specific activity (50 Ci/g) [74, 75]. Several 

papers studied the preparation of high specific activity 51Cr by the Szilard-Chalmers effect 

but utilized complex separation methods (cation exchange or chemical co-precipitation). In 

this study, chromium-based MOFs were researched to prepare 51Cr with high specific activity 

using an uncomplicated solid-liquid separation method. MIL-100 (100) and MIL-101 (Cr) 

(MIL stands for Material of Institute Lavoisier) are two typical MOFs and have great 

potential for applications including removal of toxic substances, nuclear waste treatment, gas 

storage and drug delivery due to their high pore volume and excellent chemical stability [76-
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78]. MIL-100 (Cr) is built by tri-carboxylate linkers and trimers of chromium (III) oxide 

octahedra, forming two types of mesoporous cages with a diameter of 25 Å and 29 Å, as 

shown in Fig. 1.7. While MIL-101 (Cr) consists of the chromium trimers and di-carboxylate 

linkers exhibiting mesoporous cages with bigger sizes (29 Å and 34 Å). However, their 

radiation stability and their use in radionuclide production have not been reported so far. 

Therefore, their radiation stability was also investigated in addition to studying their potential 

in radionuclides production.  

 

Fig. 1.7. Structural composition diagram of MIL-100 (Cr) and MIL-101 (Cr) [79]. 

1.5  Research objectives and outline of thesis 

1.5.1 Research objectives 

This dissertation explored the utilization potential of MOFs in the production of radionuclides. 

The goals of this thesis were as follows: 

✓ Development of high molybdenum capacity adsorbents that also have excellent 99mTc 

elution with low molybdenum breakthrough. 

✓ Understanding the interaction between the adsorbed species (molybdenum oxyanions) 

and the adsorbent.  

✓ Designing a radionuclide generator based on the best adsorbent found during this 

research and achieving a performance that can fulfill the European Pharmacopeia 

standards. 
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✓ Studying the radiation stability of some MOFs that were researched in this thesis. 

✓ Producing 51Cr with high specific activity using chromium-based MOFs based on the 

Szilard-Chalmers method. 

1.5.2 Outline of thesis 

This thesis focuses on 99mTc and 51Cr production and can be divided into two sections. In the 

first section, several MOFs were investigated as potential adsorbents for 99Mo/99mTc 

generator, and the interactions between MOFs and molybdenum species were explored. In 

the second section, the effects of gamma rays on the stability of MOFs were studied, which 

further provided guidance for the in-depth investigation of MOFs and might prove useful in 

many other nuclear field applications besides the production of radionuclides. Afterward, two 

chromium-based MOFs were irradiated to produce 51Cr and the separation was conducted 

under different conditions.  

Chapter 2 investigates the potential of UiO-66 (Zr) and its functionalized derivatives as 

molybdenum adsorbents for the 99Mo/99mTc generator. Molybdenum adsorption experiments 

at different concentrations were carried out and the interactions between molybdenum 

species and the adsorbents were studied by X-ray photoelectron spectra and density 

functional theory (DFT) calculations. The UiO-66-Form MOF was then applied in column 

experiments and finally the elution performance of the prepared 99Mo/99mTc generator was 

assessed.  

Chapter 3 explores the potential of two mesoporous MOFs (PCN-222 and PCN-224) for 

their utilization in the 99Mo/99mTc generator. Based on Chapter 2, we found that MOFs with 

larger pore sizes could promote the adsorption of large molybdate ions on MOFs. Therefore, 

the molybdenum adsorption performance of two mesoporous MOFs was studied at different 

pH and molybdenum concentrations. The adsorption mechanism was investigated by X-ray 

Photoelectron Spectra and Fourier-Transform Infrared Spectroscopy. Furthermore, two 

99Mo/99mTc generators fabricated with PCN-222 and PCN-224 as adsorbents were prepared 

and their elution performance was measured using the saline solution at different pH to assess 

possible clinical applications. 

In chapter 4, UiO-66 (Ce) as molybdenum adsorbent for 99Mo/99mTc generator was prepared. 

Based on Chapters 2 and 3, although the molybdenum adsorption capacity of MOFs was 

improved enormously, the separation performance was not ideal for the prepared 99Mo/99mTc 
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generator when they were used as adsorbents in a column mode. Therefore, the adsorption 

performance of UiO-66 (Ce) and its interaction with molybdenum species were studied in 

this chapter. Additionally, a 99Mo/99mTc generator was fabricated with UiO-66 (Ce) as 

adsorbent and its elution performance was investigated over two weeks. 

Chapter 5 describes the effects of gamma doses on the structural stability of MOFs. To 

produce high specific activity 51Cr, two chromium-based MOFs (MIL-100 (Cr) and MIL-101 

(Cr)) were selected due to their outstanding chemical stability. Meanwhile, to better 

understand the interaction of radiation with the different MOFs, two other MOFs (MIL-100 

(Fe) and AlFu MOF) were also researched which helped to determine the influence of 

different organic linkers and metal clusters on the radiation stability of MOFs in a systematic 

way. Their structural evolution was monitored by XRD, SEM, FT-IR, XPS and nitrogen 

adsorption.  

In Chapter 6, MIL-100 (Cr) and MIL-101 (Cr) were selected as irradiation targets for 51Cr 

production. 51Cr with high specific activity was produced by the Szilard-Chalmers method 

and separated using a solid-liquid extraction method. The optimum extraction conditions 

including extraction time, pH of solution, chemical reagents and concentration were 

researched.  

Chapter 7 displays the summary of this dissertation and suggestions for future research. 
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Abstract  

The potential of the metal-organic framework UiO-66 and its functionalized derivatives for 

their utilization in the 99Mo/99mTc generator was assessed. Molybdenum adsorption 

experiments, structure characterization, molecular simulations and column experiments with 

molybdenum-99 were carried out. The results showed that the maximum molybdenum 

adsorption capacity achieved for UiO-66 was 335 mg g-1. Adsorption on the surface of the 

UiO-66 occurs via electrostatic interaction and DFT calculations verified the enhanced 

affinity between the adsorbents and the molybdenum ions by Zr-O-Mo coordination, anion-

π as well as hydrogen bonds. In addition, the performance of a 99Mo/99mTc generator 

fabricated with Form-UiO-66 was evaluated. The results showed that adsorption was 

comparable with the experiments using non-active molybdenum and that the 99mTc elution 

efficiency of around 70% could be achieved without zirconium breakthrough. 
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2.1  Introduction 

Technetium-99m (99mTc) is the most often used radionuclide due to its application in organ 

perfusion, tumour imaging and bone scanning, among others, with around 40 million 

diagnostic procedures per year [1]. The main reasons for 99mTc ubiquitous utilization are its 

decay characteristics, which include the relatively low γ-ray energy, a short half-life (6.1 h), 

but also its rich chemistry and a wide availability via the 99Mo/99mTc generator [2, 3]. 

Nowadays, the 99Mo production is based on the fission of enriched uranium-235 target, which 

is irradiated in a limited number of nuclear reactors [4, 5]. On top of that, most of nuclear 

reactors are at end of their operational life and need regular maintenance, causing serious 

problems for the supply of 99Mo [6]. For example, the reactors in Canada and the Netherlands 

shut down unexpectedly for a considerable time in 2008, resulting in a significant decrease 

worldwide of 99Mo availability [7, 8]. In addition, a low yield of only about 6% is obtained 

and therefore enormous nuclear waste is produced during this process [9]. To overcome those 

disadvantages, several alternative production routes have been proposed. However, 

compared with uranium-235 fission, all the alternative routes deliver 99Mo of much lower 

specific activity (LSA), preventing the preparation of 99Mo/99mTc generators with sufficient 

activity [10]. In order to use such LSA 99Mo, the adsorption capacity of the generators needs 

to be considerably increased. 

The conventional bulk adsorbent utilized in the generator column is alumina (Al2O3) because 

of its high thermal stability, chemical stability, radiation stability and affinity towards 

molybdenum. However, alumina has a rather low molybdenum adsorption capacity ranging 

from 2 to 20 mg g-1 [11]. In an attempt to improve the adsorption capacity, a variety of 

materials having nano-dimensions or mesoporous structures were investigated as adsorbents 

due to their large pore volume and high surface area. For example, Saptiama et al. [12] 

reported the fabrication of mesoporous alumina spheres using post-synthesis water-ethanol 

treatment and reaching Mo adsorption capacity of 56.2 mg g-1 at pH 3. Denkova et al. [13] 

utilized Al-TUD-1 having high surface area and achieved a maximum adsorption capacity of 

112 mg g-1. Chakravarty et al. [14] synthesized nanocrystalline Al2O3 with average crystallite 

size 2~3 nm using a template method resulting in very high adsorption capacity in the order 

of 225±20 mg g-1 when applying a double column design. Although these studies are very 
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promising, the obtained adsorption capacities are still insufficient to be applied to LSA 99Mo 

produced by most of the production routes, leaving a room for further improvement. 

Very promising materials are the so-called metal-organic frameworks (MOFs) which have 

received wide attention in many applications including gas capture [15-17], catalysis [18], 

[19], wastewater treatment [20, 21], drug delivery [22-25], and others [26-28]. Compared 

with traditional porous materials, MOFs exhibit large surface area, high porosities, versatile 

structures and easy functionalization [29]. However, the degradation of some MOFs in water 

or extreme environment limits their industrial applications [30, 31]. Recently, a zirconium-

based MOF, UiO-66, was researched extensively as an adsorbent due to its water stability, 

excellent chemical and thermal stability [32-34]. Furthermore, it demonstrated that hydroxyl 

groups play an important role in molybdenum adsorption based on previous reports [12, 35], 

which is why this material was selected in this research.  

In this work, the UiO-66 and its functionalized derivatives were synthesized and 

characterized and their molybdenum adsorption properties were investigated at different 

molybdenum concentrations. To understand the interaction pathway between the adsorbent 

and the molybdenum species, the adsorption mechanism was researched using FT-IR, X-ray 

photoelectron spectra and DFT simulations. Finally, the synthesized Form-UiO-66 was used 

for the fabrication of 99Mo/99mTc generators and its 99mTc elution performance was evaluated. 

2.2  Experimental details 

2.2.1 Synthesis and characterization of UiO-66 derivatives 

The UiO-66 and its derivatives were synthesized using terephthalate, 2-nitroterephthalic acid 

and 2-aminoterephthalic acid as ligands based on previously reported methods [32, 36]. The 

detailed descriptions of the synthesized processes are presented in the Supporting 

Information (S-2).  

Powder X-ray diffraction measurements were performed on a PANalytical X’Pert Pro 

pw3040/60 diffractometer with Cu Kα radiation operating at 45 kV and 40 mA. Nitrogen 

adsorption isotherms were obtained using a Micromeritics Tristar II at 77 K and the BET 

surface area was calculated at a relative pressure range between 0.05~0.15. Before the 

measurement, samples were degassed under vacuum at 200 °C for 16 h. Surface morphology 
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was recorded by a field emission scanning electron microscopy (SEM, JSM-7001F) and 

elemental composition was collected with an energy dispersive spectrometer (EDS, JEOL 

ISM-IT100). Fourier transform infrared spectroscopy (FT-IR) was collected over a range of 

400~4000 cm-1 using a NICOLET 6700 and samples were dispersed in KBr and pellets with 

a diameter of 10 mm were made. The molybdenum concentrations before and after adsorption 

were measured using inductive coupled plasma optical emission spectrometry (ICP-OES, 

Optima 4300 DV, Perkin Elmer). 1 mg of powder sample was dispersed in 2 ml of solution 

with a pH range of 2-12 and the pH of the solution was adjusted using NaOH and HCl 

solutions. The Zeta potential of the suspension was measured using a Malvern ZetaSizer 

nano-ZS instrument. X-ray photoelectron spectra (XPS) of UiO-66 were performed by 

Thermofisher Scientific electron spectroscopy with K-alpha surfaces analysis. 

2.2.2 Molybdenum adsorption  

The adsorption capacity of molybdenum on Zr-based MOFs was determined by dispersing 

the powder in solutions of different molybdenum concentrations. The change in 

concentration before and after the addition of MOFs determines the amount of molybdenum 

adsorbed. First, a molybdenum solution (20 mg mL-1) was prepared by dissolving 750 mg of 

MoO3 into 40 mL of NaOH solution (1 M) and the pH of the solution was adjusted to 3.00 ± 

0.03 by adding HCl. Then the total volume of the above solution was adjusted to 100 ml 

using stock solution (hydrochloric acid solution with pH 3). Finally, the prepared 

molybdenum solution was diluted into different concentrations ranging from 0.1 mL to 20 

mL using Mili-Q water. The Mo adsorption of all the adsorbents was determined by batch 

equilibration experiments. An accurately weighed amount of adsorbent (circa 10 mg) was 

added into 1 mL Mo solution at a certain concentration and shaken at room temperature for 

16 h with a speed of 1200 rpm. Adsorption isotherms were determined in a Mo concentration 

range from 0.1 to 20 mg mL-1. The concentrations of the solution before and after absorption 

were measured by ICP-OES and all tests were conducted in triplicate at room temperature. 

The static adsorption capacity was calculated by the following equation: 

q𝑒 =
(𝐶0 − 𝐶𝑒) × 𝑉

𝑚
 

Where Ce and C0 were molybdenum concentrations at the equilibrium and before adsorption, 

respectively; V was the volume of solution (mL) and m was the weight of adsorbent (g). 
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Moreover, the Teflon column in 99Mo/99mTc generator was prepared as shown in the 

schematic diagram in Figure S2.1. Then, 24 mL of 99Mo solution with a concentration of 10 

mg mL-1 was passed through the column at a flow rate of 0.05 mL min-1 and the dynamic 

adsorption capacity was calculated. After loading 99Mo, the column was rinsed with 100 mL 

of saline solution to remove the loosely adsorbed molybdenum ions and the practical dynamic 

adsorption capacity was subsequently determined. Finally, the elution performance of the 

generator was assessed over a period of 6 days. More details about practical dynamic 

adsorption capacity and radiochemistry purity were described in the Supporting Information 

(S-3). 

2.2.3 DFT  

Spin-polarised DFT calculations with the PBE exchange-correlation functional [37], as 

implemented in the plane wave Vienna Ab initio Simulation Package (VASP) [38], were 

performed. A high energy cut-off of 520 eV along with a 3x3x3 Monkhorst-Pack k-point set 

was selected. Valence-core interactions were probed with the projector augmented wave 

(PAW) [39] approach considering 4, 1, 6, 12, and 14 valence electrons for C, H, O, Zr, and 

Mo respectively. In order to account for Van der Walls interactions, the zero damping DFT-

D3 method of Grimme et. al. [40] was applied in all calculations. Probing the molecular and 

atomic interactions between the molybdenum species and the host MOF structure was 

achieved by determining the binding energy, calculated according to the following formula: 

[41, 42]  

𝐸𝐵 = 𝐸𝑀𝐻 − 𝐸𝑀 − 𝐸𝐻 

where EM is the total energy of the molybdenum species isolated in a 25x25x25 Å3 vacuum 

box, EH is the total energy of the host structure (MOF), and EMH is the total energy of the 

adsorbed system (molybdenum species and host). Based on the definition of the binding 

energy provided above, a more negative value indicates stronger binding between the 

molybdenum species and the MOF. All the relevant structures were geometrically optimized, 

allowing relaxation of atomic positions, cell shape and volume during the calculation. The 

total energies were obtained from subsequent self-consistent calculations. 
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2.3 Results and Discussion 

2.3.1 Structural characterization  

The crystal structure of as-prepared Zr-based MOFs was examined by X-ray diffraction and 

the results can be found in Figure 2.1 (a). It can be observed that all synthesized samples 

exhibit the characteristic diffraction peaks of UiO-66, indicating that the other three 

derivative frameworks are isostructural with UiO-66. However, the intensities of UiO-66-

NH2 and UiO-66-NO2 are lower, indicating less crystallinity. 

Figure 2.1 (b) displays FT-IR spectroscopy of UiO-66 and its derivatives as synthesized. A 

broad band seen at 3421 cm-1 for all the materials is assigned to the stretching modes of O-

H, which is attributed to the adsorbed water on the surface of the samples [43]. The band near 

1583 cm-1 and 1397 cm-1 for all samples can be ascribed to the stretching vibration of C=O 

on the BDC and the vibration of a benzene ring, respectively [36, 44]. The small bands at 

485 cm-1, 665 cm-1 and 748 cm-1 represent the Zr-O and Zr-O2 stretching vibrations [45]. For 

the UiO-66-NH2, the amino group shows absorption bands at 3354 cm-1 and 3476 cm-1 

because of symmetric and asymmetric N-H stretching modes [32]. The appearance of a band 

at 1549 cm-1 can be attributed to the asymmetric stretching mode of NO2 [46]. Furthermore, 

the band at 1257 cm-1 in the UiO-66-NH2 and UiO-66-NO2 particles is due to the C-N 

stretching absorption mode, suggesting the successful introduction of -NH2 and -NO2 groups 

[47].  

 

Fig. 2.1. (a) XRD patterns and (b) FT-IR spectra of UiO-66 and its derivatives before 

molybdenum adsorption. 
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Figure 2.2 (a) shows the N2 adsorption isotherm of UiO-66, UiO-66-NH2, Form-UiO-66 and 

UiO-66-NO2 at 77 K. The surface area and pore volumes of all materials were calculated, as 

shown in Table S2.1. Non-functionalized UiO-66 and Form-UiO-66 have the largest surface 

area and pore volumes. Their specific surface areas are 1624 m2 g-1 and 1653 m2 g-1, whereas 

the total pore volumes are 0.59 m3 g-1 and 0.61 m3 g-1, respectively. Materials functionalized 

with amino (UiO-66-NH2) and nitro groups (UiO-66-NO2) have a lower surface area and 

pore volumes than the non-functionalized counterparts UiO-66s (as shown in Table S2.1). 

Besides, the UiO-66-NO2 exhibited an IV-type adsorption isotherm with a hysteresis cycle. 

This occurrence could be caused by aggregated small nanoparticles forming large aggregates, 

generating voids with different sizes within the granules, which is consistent with the SEM 

micrographs (Figure S 2.2d). 

 

 

Fig. 2.2. (a) N2 adsorption-desorption isotherms and (b) zeta potential of UiO-66 and its 

derivatives. 

The pH has an essential influence on molybdenum adsorption, since it affects not only the 

different molybdenum species present, but also the surface charge of the adsorbents. It has 

been reported that at pH <2 the dominant species is Mo7O24
3-; while Mo7O24

6- and Mo8O28
4- 

exist as the main species at pH 2~5 and MoO4
2- predominates pH at >6 [48]. To determine 

the surface charge of the adsorbents, the zeta potential of all samples was measured in the pH 

range of 2 to 12, as shown in Figure 2.2 (b). It can be observed that the isoelectric points (IEP) 

of all the samples are located between pH of 8 and 10, which is similar to alumina. When the 

pH is below its IEP, the material is positively charged facilitating its interaction with 

molybdenum species that are negatively charged through electrostatic forces. When the pH 

is above the IEP, all samples have negative surface charges that will cause the electrostatic 
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repulsion towards Mo anions. Therefore, the following molybdenum adsorption experiments 

were carried out under an acidic environment so that adsorption can be enhanced. 

2.3.2 Molybdenum adsorption 

The molybdenum adsorption isotherms of UiO-66 MOFs were investigated under different 

molybdenum concentrations at room temperature, as shown in Figure 2.3. As can be seen, 

molybdenum adsorption on all adsorbents displayed a fast increase and their molybdenum 

uptake is about 150 mg g-1 at relative low molybdenum concentration, which may be 

attributed to the strong interaction between adsorbents and molybdenum species. With 

molybdenum concentration increasing, the increase in adsorption capacity slowed down until 

reaching equilibrium. Finally, the saturated capacity of UiO-66-NH2, UiO-66-NO2, Form-

UiO-66 and UiO-66 can reach up to 142 mg g-1, 225 mg g-1, 293 mg g-1 and 334 mg g-1, 

respectively. The molybdenum uptake in UiO-66 showed the highest adsorption capacity, 

which is two times larger than that for UiO-66-NH2.  

 

Fig. 2.3. Mo adsorption isotherms of UiO-66 (black), UiO-66-NH2 (blue), Form-UiO-66 

(red) and UiO-66-NO2 (green) at pH 3. 

To better understand the molybdenum adsorption on those adsorbents, the adsorption 

isotherms were linearly fitted using the Langmuir and Freundlich model. All calculated 

parameters of the two models are displayed in Table S2.2. As exhibited in Figure S2.3, the 

linear fit of the experimental data using the Langmuir model showed a better fit with higher 
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correlation coefficients (R2>96.5%) than the Freundlich model (Figure S2.4). The model 

displays that the maximum adsorption capacity of UiO-66, UiO-66-NH2, Form-UiO-66 and 

UiO-66-NO2 are 335 mg g-1, 131 mg g-1, 296 mg g-1 and 227 mg g-1, respectively, which are 

consistent with adsorption isotherms. The relatively low adsorption capacity for UiO-66-NH2 

and UiO-66-NO2 may be related to their relatively low surface area and their lower 

crystallinity. In Table 2.1, the adsorption capacity of Zr-based MOFs is compared to the Mo 

adsorption capacity on various other reported materials, showing the outstanding adsorption 

performance of UiO-66 MOFs. 

Table 2.1. Comparison of the static Mo adsorption capacity of the as-synthesized MOFs 

with other adsorbent materials. 

2.3.3 Molybdenum adsorption mechanism  

To understand the interaction between the molybdenum species and the adsorbents, the 

MOFs adsorbents were further analyzed by XRD, FT-IR and EDS. In Figure S2.5, the XRD 

patterns show that all adsorbents retain good crystallinity and structure after molybdenum 

adsorption, as no shifts in the peak positions are observed. However, the relative intensities 

of the peaks are weakened after molybdenum adsorption, which may be due to trapped 

molybdenum species on the surface of the adsorbents leading to diminished X-ray contrast 

between pore cages and porous framework [55]. The EDS mappings (Figure S2.6) display 

uniform distribution of Mo, which suggests that molybdenum is homogeneously adsorbed in 

Samples 
Mo adsorption 

capacity (mg g-1) 

Surface area  

(m2 g-1) 
Ref. 

TUD-1 112 402 [13] 

Hydrous MnO2 50 -- [49] 

Hydrous TiO2 230 -- [50] 

Al-dropped mesoporous SiO2 16.8 463 [51] 

Nano-crystalline titania 141±2 320 [52] 

Mesoporous γ-Al2O3 56.2 251 [12] 

Nanocrystalline γ-Al2O3 200 252 [11] 

PZC 270 -- [53] 

Polymer embedded titania 100 38 [54] 

UiO-66 335 1624 This work 

Form-UiO-66 296 1653 This work 

UiO-66-NH2 131 295 This work 

UiO-66-NO2 227 575 This work 
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the materials. Moreover, the FT-IR spectra (Figure S2.7) of UiO-66 MOFs after adsorption 

shows two new peaks appearing at 948 cm-1 and 889 cm-1, which are assigned to the vibration 

of the Mo=O stretching and Mo-O-Mo stretching of Mo species [56].  

 

Fig. 2.4. XPS spectra of UiO-66 before and after molybdenum adsorption (a) survey; (b) 

Mo 3d; (c) C 1s; (d) Zr 3d. 

The chemical composition and oxidation states of UiO-66 with the best adsorption 

performance before and after Mo adsorption were analyzed by XPS. As shown in Figure 2.4 

(a), the XPS survey indicates the elements of C, O, Zr exist in the samples. The Mo 3d spectra 

of UiO-66 are presented in Figure 2.4 (b). Two peaks for Mo 3d5/2 and Mo 3d3/2 are located 

at 231.8 and 234.9 eV, respectively. The gap of 3.1 eV between two peaks indicates a Mo6+ 

oxidation state [57, 58]. The C 1s spectra (Figure 2.4 (c)) of UiO-66 before adsorption can 

be deconvoluted into three peaks, which are assigned to C=C (284.0 eV), C-C/C-H (284.3 

eV) and O-C=O (288.1 eV) [59]. However, the peak of C-H/C-C for UiO-66 after adsorption 

shifts to 284.7 eV, which indicates the chemical environment of C-H/C-C was changed after 

loading Mo species. This might be attributed to the different electron density near C-H/C-C 

in the pores due to the presence of Mo species. In Figure 2.4 (d), the binding energy of Zr 3d 

exhibits two peaks corresponded to Zr 3d5/2 and Zr 3d3/2. After molybdenum adsorption, the 
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peak of Zr 3d5/2 shifts from 181.99 eV to 182.24 eV and the peak of Zr 3d3/2 shifts from 

184.36 eV to 184.6 eV. The shift of binding energy towards higher energy may be due to the 

coordination between Mo species and Zr clusters, causing the change of electron density of 

Zr [60, 61]. This behavior suggests an electronic interaction between Mo species and Zr-O 

clusters.  

 

Fig. 2.5. Adsorption sites within the UiO-66 and UiO-66-NH2 MOF structures. 

To further elucidate the interaction mechanism between Mo species and UiO-66 MOFs, DFT 

calculations were conducted to investigate the adsorption properties of molybdenum species 

on the Zr-based MOFs. From the wide variety of the potential Mo(VI) species that exist, 

depending on the pH, we examined the following representative molecules, H2MoO4, MoO4
2- 

and Mo7O24
6- (Figure S2.8). Mononuclear species of molybdenum exist when molybdenum 

concentration is lower than 10-4 M. Polynuclear molybdenum species can be formed when 

molybdenum concentration is higher than 10-4 M. Mo7O24
6- is the main species at pH 3~4 

when molybdenum concentration is larger than 10-3 M [62]. Furthermore, five possible 

adsorption sites were chosen for inner-sphere calculation, including Zr on clusters (A), O-H 

groups (B), benzene rings (C), arene C-H groups (D) and the -NH2 or -NO2 groups (E), as 

shown in Figure 2.5. Therefore, five possible molecular interactions were conducted for DFT 

calculations: coordination between Zr on clusters and the oxygen of Mo species [63], 

interaction between hydroxyl groups and the oxygen of Mo species [64], the π-anion 

interaction between Mo anions and benzene rings [65], and hydrogen bond formation 

between Mo anions and arene C-H groups/-NH2/NO2 [66]. According to the definition 

provided in the computational method section, negative energy indicates favourable 

adsorption and the calculated energies are summarized in Table 2.2. 
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Fig. 2.6. Optimized structures of MoO4
-2 adsorption within the UiO-66 host structure near a) 

position A b) position B, where we observe that the O-H of the Zr-O-H environment of the 

host breaks to form HMoO4
-1, c) and position D. d) Optimized structures of MoO4

-2 

adsorption within the UiO-66-NH2 host structure near position A and e) position E. f) 

Difference between the two adsorption environments of adsorption near position E (i) -73 

and (ii) -50 kJ/mol. All the interatomic distances indicated are in Å. 

For UiO-66, the adsorption of MoO4
2- species had high interaction energy on positions A (-

141 kJ mol-1) and B (-130 kJ mol-1). The configurational environments are shown in Fig. 2.6. 

The optimal configurations between Zr nodes and MoO4
2- species showed the Zr-O formation 
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with a distance of 1.99 Å (Fig. 2.6a). This connection near the Zr-clusters caused the change 

of electron density of the Zr-clusters, which is consistent with the analysis of the Zr 3d spectra 

of UiO-66. Additionally, our calculations predict that the MoO4
2- species can capture the 

hydrogen atom of the Zr-core (position B), forming HMoO4
- (Fig. 2.6b). The newly formed 

molecule stabilizes at a distance of about 1.88 Å from the pore walls. The adsorption site D 

showed relatively low adsorption energy (-25 kJ mol-1) and formed hydrogen bonds of 2.15 

to 2.18 Å, which is why the binding energy of C-H moved 0.4 eV in XPS spectra of C 1s 

(Figure 2.4c). However, the value of adsorption energy for the C site is positive, indicating 

unfavourable adsorption. Therefore, the adsorption ability for UiO-66 follows the A<B<D<C 

order. This behaviour, as mentioned above, is consistent with the UiO-66-NH2 host that 

shows the order of A<B<E<D<C. As shown in Table 2.2, the nitrogen environment of the 

UiO-66-NH2 structure offers an additional adsorption site with strong binding energies. For 

adsorption near the NH2 environment, we scanned more than 12 different conformers, 

generally revealing two distinct environments for favourable binding (-73/-50 kJ mol-1), 

related to the orientation of the molecule. The binding oxygen of the MoO4
2- species prefers 

to be aligned with the plane formed by the NH2 linker, acquiring lower energies (Fig. 2.6f). 

Strong stable binding for the neutral H2MoO4 species occurs near the hydrogen atom of the 

Zr cluster (position B), where one of the two hydrogen-free oxygens of the adsorbent binds 

to the hydrogen of the cluster at a distance of 1.75 Å. The rest of the adsorption sites offer an 

almost equivalent environment for adsorption with binding energies around -65 kJ mol-1 

(Figure S2.9), revealing a relatively flat energy landscape both in the UiO-66 and UiO-66-

NH2 hosts. The relatively flat energy landscape indicates enhanced kinetics for the diffusion 

of the H2MoO4 species inside the MOF, allowing site accessibility for all the available 

material and thus enhancing the adsorption process. An interesting observation is that the 

H2MoO4 species does not necessarily chemically bind to the host structure due to its electrical 

neutrality. Nonetheless, it favourably adsorbs near the pore walls of the host (Figure S2.9 d-

f) in a process that resembles more physio-sorption, which is also evident from the adsorption 

energy values obtained for positions A, C, D, and E in Table 2.2. However, the neutral 

H2MoO4 species, having the right size and orientation, can chemically adsorb to a binding 

spot that combines the configurational environment of the B, C and E sites (see Table 2.2). 

This favourable binding of -113 kJ mol-1 is depicted in Figure S2.10, where the adsorbent 

creates bonds with the host structure of 2.36 Å (H-C), 1.88 Å (O-H) and, 1.93 Å (H-N). 
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Mo7O24
6- species is a bulky anion, having dimensions of 0.97 by 0.49 nm. As a result, an 

important question is whether Mo7O24
6- can intercalate within the host structure. DFT 

optimization of the UiO-66 hosts indicates an available pore size of 1.05 nm. By inserting 

Mo7O24
6- within the host structure, we find a highly favourable binding environment (Table 

2.2). This result is explained by the partial transformation of the host structure where some 

of the linkages are likely to react with the oxygen of the Mo7O24
6- forming C-O-H bonds 

(Figure S2.11). The Mo7O24
6- molecule fits within the host, with most of the adsorbent's 

oxygen atoms being near the hydrogen atoms of the linkage molecules with distances 

between 2 and 2.4 Å. We also observe that the oxygen atoms of the adsorbent can 

successfully bind to C with an O-C bond of 1.43 Å. In the case of perfect alignment of 

Mo7O24
6-, an additional bond is created between O and Zr with a distance of 2.35 Å (Fig. 2.7). 

Further indications of the favourable environment created for Mo7O24
6- adsorption is put 

forward by examining the predicted volume changes with DFT. The relaxed adsorption 

structures reveal a volume change of 6%. These values are definitely within the manageable 

range for mechanical stresses, especially for flexible materials such as MOFs.  

Table 2.2. Adsorption Sites and Energies (kJ mol-1) (* refers to a configurational 

environment that combined with B, C and E sites). 

Another important consideration is if the reaction kinetics allow these extremely favorable 

configurations to occur. The Mo7O24
6- entering the main structure needs to diffuse through 

the side pores (~0.69 nm) of the MOF, which are considerably smaller. However, the linkers 

can rotate during motion, causing extended pores, this would be helpful for the penetration 

MOFs Mo species 

Adsorption Sites and Energies in (kJ mol-1) 

A B C D E 

UiO-66 

MoO4
2- -141 -130 +33 -25 - 

H2MoO4 -65/-56 -97 -65 -61 - 

Mo7O24
6- -1539 

UiO-66-

NH2 

MoO4
2- -155 -127 +10 -9 -73(i) /-50(ii) 

H2MoO4 -74 -101/-113* -50 -73 -57 
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of molybdenum species [67, 68]. Nevertheless, our calculations depict strong indications for 

favourable adsorption, showing that the binding spots and coordination offered for the 

Mo7O24
6- species lead to significantly lower energy (more stable) configurations when in the 

environment of the UiO-66 hosts. Certainly, there are also some other minor molybdenum 

species in solution, such as HMoO-, H2Mo6O21
4-, which have smaller sizes and would enter 

the porous structure more easily. Moreover, In the case of UiO-66-NO2, the -NO2 groups are 

also favourable for Mo adsorption and it has similar binding energy with the UiO-66-NH2. 

Overall, molybdenum species can adsorb on the surface of Zr-based MOFs by electrostatic 

adsorption. The inner-sphere interaction between molybdenum species and adsorbents at 

several adsorption sites is enhanced through the Zr-O-Mo coordination, hydrogen bonds and 

π-anions.  

 

Fig. 2.7. Optimized structure from different angles of Mo7O24
-6 in the UiO-66 host. 
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2.3.4 Performance of Form-UiO-66 as adsorbent in 99Mo/99mTc 

generator 

In order to evaluate the performance of the prepared Zr-based MOFs as adsorbent in the 

99Mo/99mTc generator, Form-UiO-66 was selected due to its higher crystal purity and larger 

particle size, which allows it to be applied in a chromatographic column and continuous 

loading and elution. The dynamic molybdenum adsorption uptake of Form-UiO-66 was 

determined to be 203 mg g-1, which is consistent with the adsorption results utilizing non-

radioactive molybdenum. After removing the loosely adsorbed molybdenum ions by flushing 

the column with 0.9% saline solution, the practical dynamic adsorption capacity was 

determined to be 145 mg g-1, which is consistent with the uptake value during fast adsorption 

process at low molybdenum concentration (See Figure 2.3). In addition, this practical uptake 

is more than 7 times than that of conventional bulk alumina with an adsorption capacity in 

the range of 2~20 mg g-1. 

Table 2.3. Elution parameters of the Form-UiO-66 in 99Mo/99mTc generator over a period of 

6 days. 

Subsequently, the column was eluted daily with saline solution for a period of 6 days and 

99mTc elution efficiency was determined. Table 2.3 shows the elution results of the prepared 

column. It can be observed that about 60% of 99mTc was eluted in the first two elutions 

and >70% of 99mTc was eluted in the following days. The Zr breakthrough in all elution 

fractions was below the detection limit of ICP-OES (<10 ppb). The presence of 99Mo in the 

99mTc eluted samples is about 1.2% in all elutions, which is higher than the limit of <0.1% as 

described in the International Pharmacopoeia (IP) [69]. The 99Mo breakthrough may be 

associated with the size of the column used, which can lead to channel forming. These results 

prove that our adsorbents show good adsorption performance and chemical stability, while 

Elution No. 
Elution efficiency 

(%) 

99Mo breakthrough 

(%) 

Zr breakthrough 

(ppm) 

1 61.4 1.1 0 

2 57.6 1.2 0 

3 76.2 1.2 0 

4 73.1 1.3 0 

5 71.2 0.9 0 

6 74.7 1.3 0 
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the elution performance of the column in the 99Mo/99mTc generator needs to be optimized 

before clinical applications.  

A generator based on 2 g of Form-UiO-66 as adsorbent could deliver 2 Ci 99Mo activity if 

99Mo with a specific activity of 6.9 Ci g-1 of higher was utilized. The alternative methods of 

fission deliver 99Mo with specific activities in the range of 1~10 Ci g-1 [2]. This indicates the 

potential of MOFs as adsorbents in 99Mo/99mTc based on LSA 99Mo, which could provide an 

alternative to the current scenario and open the possibility of using many more production 

facilities worldwide. 

2.4 Conclusions 

In conclusion, this study showed that UiO-66 and its functionalized derivatives have great 

potential to be utilized as molybdenum adsorbents in 99Mo/99mTc generator. The results reveal 

that UiO-66 and its functionalized derivatives exhibit outstanding Mo adsorption 

performance and that the maximum Mo adsorption capacity of UiO-66 can reach up to 335 

mg g-1, which is higher than most metal oxides for molybdenum adsorption. The adsorption 

mechanism was investigated by DFT, which indicates the interaction between MOFs and Mo 

species was affected by different binding such as Zr-O-Mo coordination, π-anions and 

hydrogen bonding. Moreover, DFT results proved that Mo7O24
6- ions can be intercalated with 

the host structure by multiple binding sites. The Form-UiO-66 was successfully used for the 

99Mo/99mTc generator fabrication. The practical dynamic adsorption capacity of Form-UiO-

66 was 145 mg g-1, when a Mo concentration of 10 mg ml-1 was used. 99mTc can be eluted 

from the column within a 60~70% efficiency for 6 consecutive days without Zr breakthrough, 

but having 99Mo breakthrough above the clinically allowed value. Therefore, UiO-66 MOFs 

have great potential for Mo adsorption and 99mTc elution in the 99Mo/99mTc generator and a 

thorough study and optimization of the generator is under evaluation. 
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Supporting Information  

S-1. Materials 

Formic acid (>98%), hydrochloric acid, 1,4-benzenedicarboxylate (BDC, 98%), 2-

aminoterephthalic acid (99%), 2-nitroterephthalic acid (≥99%) and N,N-dimethylformamide 

(DMF, 99.8%) were purchased from Sigma Aldrich. Zirconium (IV) chloride (≥99.5%) and 

molybdenum oxide ( ≥ 99.95%) were obtained from Alfa Aesar. Deionized water was 

prepared with the in-house Mili-Q system from Millipore. All chemical reagents were applied 

directly without further purification.  

S-2. Synthesis of UiO-66 analogs 

UiO-66. Typically, 125 mg of ZrCl4 was dissolved into a solution containing 5 mL DMF and 

1 mL HCl. Then, the resultant solution was treated with sonication for 20 min, followed by 

adding 10 mL DMF and 123 mg BDC. Subsequently, the mixture solution was heated at 80 

ºC for 24 h in an electric oven. The resulting product was washed three times with DMF and 

ethanol, respectively. Finally, the collected powder was placed into an oven to dry overnight 

at 120 ºC.   

UiO-66-NH2. 0.834 g of ZrCl4 and 0.544 g of 2-aminoterephalic acid were added into 45 mL 

DMF solution and the mixture solution was stirred magnetically for 30 min at room 

temperature. Subsequently, the mixture solution was transferred into a Teflon-lined autoclave 

and heated at 120 ºC for 24 h. After cooling to room temperature, the final product was rinsed 

with DMF and ethanol 3 times, respectively. Finally, the yellow powder was collected and 

dried at 80 ºC overnight. 

Form-UiO-66. Briefly, 0.431 g of ZrCl4, 0.307 g of BDC and 17 mL of formic acid were 

added sequentially into deionized water (0.1 mL). After stirring 10 min, 50 mL DMF was 

injected into the above mixture for 30 min and then transferred to an autoclave that was 

heated at 120 ºC for 3 days. The precipitation was purified with DMF for 6 times and dried 

overnight at 120 ºC. 

UiO-66-NO2. 0.375 g of ZrCl4 and 0.378 g of 2-nitroterephalic acid were dissolved in 45 mL 

DMF under magnetic stirring for 30 min at room temperature. Then the mixture was reacted 

at 80 ºC for 12 h and 100 ºC for 24 h in an electric oven. The white product was rinsed with 
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DMF and ethanol for 3 times, respectively and dried at 80 ºC overnight. 

S-3. Adsorption models 

Generally, the Langmuir model is suitable for homogeneous adsorption that occurs in 

monolayer. The linear mathematical equation is expressed in Eq. (1).  

                                             
𝐶𝑒

𝑞𝑒
=

1

𝑄𝑚
𝐶𝑒 +

1

𝑄𝑚𝐾𝐿
                                     (1) 

Where KL is the Langmuir adsorption constant, related to the adsorption affinity. qe (mg/g) 

and Qm (mg/g) are correspondingly the adsorption amount at equilibrium and maximum 

adsorption capacity. Ce (mg/mL) is the molybdenum concentration at equilibrium. 

The Freundlich model assumes that the adsorption occurs as a multilayer on a heterogeneous 

surface. The liner form of this model can be described in Eq. (2). 

                                       𝑙𝑛𝑞𝑒 =
1

𝑛
𝑙𝑛𝐶𝑒 + 𝑙𝑛𝐾𝐹                                     (2) 

Where KF is the Freundlich constant and 1/n is the heterogeneity factor describing the 

adsorption intensity.  

S-4. Evaluation of the performance of Form-UiO-66 as sorbents in the 

99Mo/99mTc generator 

Preparation of the column 

About 200 mg of Form-UiO-66 powder was brought into a Teflon column with a filter at the 

bottom and the sorbent was gently pressed. Then some cotton wool was placed on the top 

and the column was sealed with a stopper, as shown in figure S2.1. The column was pre-

treated with 50 ml of HCl solution (pH=3) at a flow rate of 0.5 ml/min before loading 99Mo.  

Preparation of the 99Mo solution 

99Mo was obtained by neutron capture of 98MoO3 using the reactor facilities of the Institute 

for Energy Security and Environmental Safety Centre for Energy Research, Hungary. About 

330 mg of irradiated [99Mo]MoO3 (~504 MBq) and 420 mg of non-radioactive MoO3 were 

dissolved in 40 ml NaOH solution (1 M) at room temperature under magnetic stirring. Then, 

the pH of the solution was adjusted to 3 using HCl. Finally, the total volume of molybdenum 

solution was adjusted to 50 ml using stock solution (pH=3). The final concentration of 

obtained 99Mo solution was 10 mg/mL. 

Dynamic adsorption capacity 
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The column was fed with 24 ml of prepared solution within 8 h at a flow rate of 0.05 ml/min. 

After loading, the eluted solution was collected. The activity of eluted solution was measured 

using an automatic gamma counter (Wallac Wizard 2480, PerkinElmer). The dynamic 

adsorption capacity was calculated by the following equation: 

                                      Cd = 
(𝐴0−𝐴1)×𝑉×𝐶0

𝐴0×𝑚
                                          (3) 

Where, A0 and A1 are the radioactivity of 99Mo solution in 1 mL before and after sorption, 

respectively C0 is the concentration of 99Mo solution, V is the volume of solution and m is 

the mass (mg) of the sorbent. 

The practical dynamic adsorption capacity 

In order to remove the molybdenum that was not tightly adsorbed on the adsorbent, 100 ml 

of saline solution was passed through the column with a flow rate of 0.15 ml/min and the 

total activity of the effluent (A2) was measured by the gamma counter. Then the practical 

dynamic adsorption capacity was calculated by the following equation:   

                                 Cp = 
[(𝐴0−𝐴1)×𝑉−𝐴2]×𝐶0

𝐴0×𝑚
                                      (4) 

Elution efficiency and breakthrough 

99mTc was regularly eluted from the column with 5 mL of saline solution and the performance 

of the generator was evaluated for 6 days. The activity of 99mTc and 99Mo (141 keV for 99mTc 

and 740 keV for 99Mo) in each eluted fraction was measured using the gamma counter. The 

detection efficiency of the gamma counter for 99mTc and 99Mo are 70% and 1%, respectively. 

The elution efficiency was calculated as: 

[99mTc activity in the eluted fraction]/ [expected 99mTc activity] 

Expected 99mTc activity was calculated by the total amount of loaded 99Mo on the column 

and the following formula.  

                         A2= 0.88(
𝜆2

𝜆2−𝜆1
)𝐴1

0(𝑒−λ1𝑡 − 𝑒−λ2𝑡)                        (5) 

A2 is the activity of the daughter (99mTc) and A1
0  is the activity of parent (99Mo) at the time of 

last elution; λ1 is the decay constant of parent (
ln2

66
=0.0105) and λ2 is the decay constant of the 

parent (
ln2

6
=0.1155); t is the time since the last elution and 0.88 represents the fraction of 

99Mo that decays to 99mTc (the other 12% directly decays to Tc-99). Finally, the formula was 

simplified to the following equation:  

                              A2=0.96𝐴1
0(1 − 𝑒−0.105𝑡)                                (6) 
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To determine the presence of Zr and Mo contamination, the concentration in the eluted 

fraction was measured by inductively coupled plasma optical emission spectroscopy (ICP-

OES) after the decay of 99Mo. Therefore, zirconium breakthrough refers to the zirconium 

concentration in the eluted fraction in ppm and molybdenum breakthrough refers to the 

molybdenum concentration in the eluted fraction in ppm. 

 

Figure S2.1. Schematic diagram (left) and a photo (right) of the Teflon column 

 

Figure S2.2. SEM images of a) UiO-66, b) UiO-NH2, c) Form-UiO-66 and d) UiO-66-NO2 

before adsorption. 

The morphology of UiO-66, UiO-66-NH2, Form-UiO-66 and UiO-66-NO2 particles is shown 

in Figure S2.2. From Figure S2.2 (a) and (b), it can be seen that UiO-66 and UiO-66-NH2 

samples show spheroidal shape with an average diameter of approximately 350 nm. The 

Form-UiO-66 sample displays regular-dispersed crystals with an octahedral morphology and 
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a mean size of around 800 nm, which is similar to previously reported. Fig. S2.2 (d) displays 

a rough surface of UiO-66-NO2 that is composed of small particles. 

 

Figure S2.3. Langmuir model fitting results of (a) UiO-66, (b) UiO-66-NH2 (c) Form-UiO-

66 and (d) UiO-66-NO2 

 

Figure S2.4. Freundlich fitting results of (a) UiO-66, (b) UiO-66-NH2 (c) Form-UiO-66 

and (d) UiO-66-NO2 
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Figure S2.5. XRD pattern of UiO-66 and its derivatives after adsorption 

 

Figure S2.6. SEM images and EDS mapping of (a) UiO-66, (b) UiO-66-NH2 (c) Form-

UiO-66 and (d) UiO-66-NO2 after Mo adsorption 
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Figure S2.7. FT-IR spectra of UiO-66 and its derivatives after adsorption 

 

Figure S2.8. The optimized geometries (top row) and sizes (bottom row) of the 

molybdenum species. Green, red and white spheres are Mo, O and H, respectively. 
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Figure S2.9. Relaxed structure of H2MoO4 adsorption within the UiO-66 and UiO-66-NH2 

host structures. a) Near position A, the hydrogen is bonded to the O-Zr. b) Near position A, 

both hydrogens are in the vicinity of the oxygens of the Zr-core. c) position B. d) e) and f) 

adsorption near the pore walls of the linkages. All the atom distances between the adsorbent 

and host for the d, e and f cases are above 2.55 Å.  
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Figure S2.10. Triple binding spot of H2MoO4
 in UiO-66-NH2. The indicated interatomic 

distances are in Å. 

 

 

Figure S2.11. Formation of C-O-H bonds in the linkages upon insertion of Mo7O24
-6 in the 

UiO-66 host. 
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Table S2.1. Surface area and pore sizes of UiO-66, UiO-66-NH2, Form-UiO-66 and UiO-

66-NO2 

Samples BET (m2/g) V (cm3/g) 

UiO-66 1624 0.59 

Form-UiO-66 1653 0.61 

UiO-66-NH2 295 0.11 

UiO-66-NO2 575 0.19 

 

Table S2.2. All calculated parameters using the Langmuir and Freundlich model 

Samples 

 Langmuir Parameters  Freundlich Parameters 

 Qm 
KL 

(mL/mg) 
R2  1/n 

KF 

(mL/mg) 
R2 

UiO-66  335 1.43 0.984  0.27 167 0.946 

UiO-66-NH2  131 2.08 0.965  0.18 105 0.642 

Form-UiO-66  296 1.61 0.985  0.23 168 0.942 

UiO-66-NO2  227 7.58 0.999  0.24 139 0.822 



 

The content of this chapter is based on: C. Ma, H. T. Wolterbeek, A. G. Denkova, P. S. Crespo; 

Inorg. Chem. Front. Under review. 
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Abstract    

Two porphyrinic metal-organic frameworks (PCN-222 and PCN-224) were prepared and 

their potential as adsorbents for the 99Mo/99mTc generator was explored. The molybdenum 

adsorption properties of the two adsorbents, including adsorption kinetics and equilibrium 

isotherms, were evaluated at different molybdenum concentrations and pH. The maximum 

adsorption capacity of PCN-222 and PCN-224 was 525 mg/g and 455 mg/g, respectively. 

The possible adsorption mechanism was investigated by X-ray Photoelectron Spectra and 

Fourier-Transform Infrared Spectroscopy. The results demonstrated that molybdenum 

species were adsorbed on the two MOFs through electrostatic attraction and hydrogen bonds. 

In the case of PCN-222, the Mo-O-Zr coordination interaction also played an important role. 

Additionally, the elution performance of two 99Mo/99mTc generators developed by using 

PCN-222 and PCN-224 as adsorbents was measured to assess possible clinical applications. 

The PCN-222-based 99Mo/99mTc generator exhibited better elution performance and showed 

that around 56% of 99mTc could be obtained without zirconium breakthrough when relatively 

high pH solutions were used (pH=9.6).  
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3.1. Introduction 

Technetium-99m (99mTc) is the most utilized radionuclide in nuclear medicine, being applied 

in more than 30 million diagnostic procedures annually all over the world [1, 2].  The huge 

demand is attributed to its low gamma energy emission and short half-life (6 h), which allow 

for diagnosis without exposing patients to high radiation dose. The rich chemistry of 

technetium further facilitates the preparation of various diagnostic radiopharmaceuticals. In 

addition, 99mTc can be produced by the β- decay of Molybdenum-99 (99Mo) from the 

99Mo/99mTc generator, which provides a convenient and reliable supply of this radionuclide 

in nuclear medicine departments all over the world [3]. 

Currently, most of the 99Mo is produced by the fission of enriched uranium-235 in six nuclear 

reactors worldwide [4]. Unfortunately, the reliability of 99Mo production has been affected 

in the past few years due to sudden shutdowns and maintenance of some reactors, leading to 

a global 99Mo supply shortage in 2009 [5]. In addition, this route has a 99Mo yield of 6.1%,  

producing a huge amount of nuclear waste [6, 7]. Due to these main problems, alternative 

production routes for the production of 99Mo have been explored, such as the (n, γ) and (γ, n) 

reactions from 98Mo and 100Mo respectively. if those routes became a reality, more than 75 

research reactors and many accelerators worldwide could be utilized to produce 99Mo [8, 9]. 

However, 99Mo produced by (n, γ) and (γ, n) reactions has low specific activity and the 

commercial generator material cannot be used because of the low adsorption capacity of the 

alumina column (2~20 mg/g) currently used [10]. There are two options to overcome this 

limitation. One of the solutions is increasing the amount of adsorbent and the other one is 

exploring new adsorbents with higher adsorption capacity. Using more adsorbent is not a 

desired option, since it will increase the size of the generator causing more shielding and 

costs. Furthermore, large elution volumes will produce 99mTc with low concentration, which 

complicates its medical application. Therefore, it is necessary to develop adsorbents with a 

higher adsorption capacity. Many efforts have been carried out to implement the use of low 

specific activity 99Mo by investigating porous materials with good adsorption properties. 

Some traditional materials such as mesoporous Al2O3 [11], Al-TUD-1 [12], TiO2 [13], ZrO2 

and CeO2 [14-16] were researched as adsorbents to develop a 99Mo/99mTc generator. In all 

cases, improved molybdenum adsorption capacities (50~230 mg/g) with acceptable 99mTc 

elution efficiency have been achieved. However, these new adsorbents still have limited 
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surface area and adsorption sites, which restricts fabricating clinical-grade 99Mo/99mTc 

generator for widespread application in nuclear medicine. Hence, the development of new-

generation adsorbents with higher adsorption capacity is very meaningful and necessary to 

realize a generator available for clinical application using low specific activity 99Mo. 

Metal-organic frameworks (MOFs) have gained considerable attention and exhibit excellent 

prospects in many applications, including purification [17, 18], drug delivery [19], adsorption 

and separation [20, 21] because of their high surface area, easily to functionalize cavities and 

controlled porosity [22, 23]. Our previous work showed that UiO-66 MOF is a great 

adsorbent for the preparation of 99Mo/99mTc generator [24]. Based on the previous promising 

results we attempted to further increase the adsorption capacity using MOFs. We choose two 

zirconium MOFs (PCN-222 and PCN-224) due to their higher surface area and bigger pore 

sizes, which were expected to result in the high loading of molybdenum ions while retaining 

their high chemical stability.  

 

Fig. 3.1. The crystallographic structures of PCN-222 and PCN-224. Color: C, gray; O, red; 

H, white; N, blue; Zr, pink. 

Although the structures of PCN-222 and PCN-224 are based on tetra(4-carboxyphenyl) 

porphyrin (TCPP) linker, they have 8 and 6 linker coordination with Zr6 clusters, respectively. 

PCN-222 has two types of pores, i.e. micropores with a diameter of ~1.2 nm and mesopores 
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with a diameter of ~3.7 nm, while PCN-224 has only micropores with a diameter of ~1.9 nm 

(as shown in Fig. 3.1). In this work, we synthesized the two MOFs and evaluated their Mo 

adsorption performance including kinetics, isotherms and capacity at different Mo 

concentrations and pH. Furthermore, the adsorption mechanism was also investigated by 

XPS and FT-IR to reveal the interaction between Mo species and the adsorbents. Finally, 

adsorption batch experiments using 99Mo were carried out to determine their potential as 

adsorbents for 99Mo/99mTc generator. 

3.2. Experimental section  

3.2.1 Materials  

All chemical reagents were ordered from the indicated suppliers and used without further 

purification. Zirconium (IV) chloride (≥99.5%) was purchased from Alfa Aesar. N, N-

dimethylformamide (DMF, 99.8%), benzoic acid (≥99.5%), Tetrakis(4-carboxyphenyl) 

porphyrin (97%) were purchased from Sigma Aldrich.  

3.2.2 Synthesis of PCN-222 and PCN-224 

PCN-222 was synthesized based on previous literature with a few modifications using the 

solvothermal method [25, 26]. First, 150 mg of ZrOCl2∙8H2O (465 μmol) was added to 40 

ml of DMF by magnetic stirring for 30 min and 116 mg of TCPP (147 μmol) was added 

afterward. Then, 19 ml of formic acid solution was introduced and the mixture was further 

stirred for 15 min. Finally, the solution was transferred to a Teflon-lined autoclave and heated 

at 130 °C for 3 days.  After cooling down to room temperature, the precipitates were collected 

and washed with DMF and acetone for three times, respectively. The final product was dried 

at room temperature.  

The synthesis of PCN-224 was prepared according to previous research [27]. Briefly, 30 mg 

of ZrCl4, 10 mg of TCPP and 400 mg of benzoic acid were ultrasonically dissolved for 20 

min in 2 ml of DMF. Then the solution was heated at 120 °C for 24 h by an electric furnace. 

After cooling to room temperature, the precipitation was washed with DMF and acetone three 

times, respectively. Finally, the sample was immersed in acetone for over 12 h and dried at 

80 °C for 6 h under vacuum.  
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3.2.3 Characterization  

Powder X-ray diffraction was collected with PANalytical X’Pert Pro pw3040/60 

diffractometer equipped with Cu Kα radiation under the condition of 45 kV and 40 mA. 

Nitrogen adsorption at 77 K was performed using a Micromeritics Tristar II and the samples 

were pre-treated at 150 °C for 16 h under vacuum before measurement. Fourier-transform 

infrared spectroscopy (FT-IR) was carried out by a NICOLET 6700 instrument in a 

wavenumber range of 400~4000 cm-1 at room temperature. The crystal morphology was 

observed using a field emission scanning electron microscopy and elemental composition 

was measured with an energy dispersive spectrometer (EDS, JEOL ISM-IT100). The zeta 

potential was collected in a pH range of 2-10 to determine the surface charge of adsorbents 

by a Malvern ZetaSizer nano-ZS instrument. The suspension was prepared by dispersing 

0.3±0.1 mg of sample into 1 ml of solutions with different pH values. The concentration of 

the different molybdenum solutions was determined by inductively coupled plasma optical 

emission spectroscopy (ICP-OES, Optima 4300, Perkin and Elmer). The chemical states of 

composing elements of MOFs were analyzed by K-Alpha X-ray photoelectron spectra (XPS, 

ThermoFisher scientific). 

3.2.4 Molybdenum adsorption  

Molybdenum adsorption isotherms of PCN-222 and PCN-224 were carried out at different 

pH (2~9) and initial molybdenum concentrations (0.1~20 mg/mL) by batch experiments. The 

stock solution was prepared by dissolving 3 g of MoO3 into 1.8 g of NaOH (1M) solution 

and the pH of the solution was adjusted to predetermined values. Then, the stock solution 

was diluted to prepare molybdenum solutions with different concentrations. Typically, 6±0.5 

mg of adsorbent was added into Eppendorf tubes containing 1 ml Mo solution with different 

initial concentrations. The mixture was shaken at 25 °C for 24 h by a temperature-controlled 

shaker with 1400 rpm. Then all Eppendorf tubes were centrifuged and the concentration in 

the supernatant was analyzed by ICP-OES. The molybdenum uptake of the adsorbents was 

determined by the following equation:  

                                                          q𝑒 =
(𝐶0−𝐶𝑒)×𝑉

𝑚
                                            (1) 

Where qe and Ce (mg/mL) are the molybdenum uptake and concentration at equilibrium, 

respectively. C0 represents the initial Mo concentration. V (mL) denotes the volume of 
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solution and m (mg) is the mass of adsorbent. The molybdenum adsorption kinetics and the 

effect of pH on adsorption were also carried out and more details can be found in the 

Supporting Information.  

3.3 Results and discussion  

3.3.1 Molybdenum adsorption studies 

Effects of pH 

The effects of pH on the Mo adsorption on PCN-222 and PCN-224 were conducted in a pH 

range of 2~10 and initial molybdenum concentration of 5 mg/mL. The results are shown in 

Fig. 3.2 (a). It can be observed that the molybdenum uptake of PCN-222 decreased 

continuously from 457 mg/g (pH=2) to 140 mg/g (pH=10) with increasing pH value. The 

uptake on PCN-224 decreased slightly from pH 2 (332 mg/g) to 3 (321 mg/g) and then 

decreased to 145 mg/g at pH 8.7.  

 

Fig. 3.2. (a) Effect of pH on the Mo adsorption of PCN-222 and PCN-224 when the initial 

Mo concentration was 5 mg/mL; (b) Zeta potential of PCN-222 and PCN-224 as function 

of pH. 

The zeta potential, which reflects the surface charge of the adsorbents, is shown in Fig. 3.2 

(b). The isoelectric points (IEPs) of PCN-222 and PCN-224 are between 6.5 and 7. 

Meanwhile, the molybdenum species present in the solution vary with the molybdenum 

concentration and the pH of the solution. According to previously reported literature [28], 

when molybdenum solution of 0.01 M is used, the major molybdenum chemical species is 

Mo7O24
6- at a pH range between 2 and 5; at pH>5 the dominant species is MoO4

2-. When the 

pH value is less than IEPs, the adsorbents have positive charges that can interact with the 
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negatively charged molybdenum species by electrostatic attraction. However, when the pH 

value is higher than IEPs, the adsorption of two adsorbents was found to be still around 140 

mg/g, which suggests that chemisorption plays a role.  

Adsorption kinetics  

The molybdenum adsorption kinetics of PCN-222 and PCN-224 were measured with starting 

concentrations from 1.5 mg/ml to 20 mg/ml and the results are shown in Fig. 3.3 (a) and (b). 

The molybdenum adsorption uptake of PCN-222 reached equilibrium at 1 h with an uptake 

of ~220 mg/g when the initial molybdenum concentration was 1.5 mg/mL. The adsorption 

processes could reach equilibrium within 3 h when the initial molybdenum concentrations 

were 5 mg/mL and 10 mg/mL. With increasing molybdenum concentration (15 mg/ml and 

20 mg/ml), the adsorption approached equilibrium after 5 h. This adsorption phenomenon 

could be attributed to the dimensions of the molybdenum species and the pore size of the 

adsorbent. At the initial adsorption stage, the molybdenum species would occupy the 

preferential adsorption sites of PCN-222. Subsequently, the large concentration gradient 

promotes the diffusion of molybdenum ions to the remaining adsorption sites. When the 

molybdenum concentration is 1mM (ca 0.1 mg/mL) at pH=3, MoO4
2- is the dominate 

molybdenum species. When molybdenum concentration is 0.1 M (ca 10 mg/mL) at pH=3, 

the main molybdenum species is Mo8O26
4-. Molybdenum species with small sizes at low 

concentrations could rapidly diffuse into two types of pores in PCN-222. At high 

concentrations, molybdenum species with larger sizes would have a relatively slow rate of 

diffusion into pores. In comparison, the adsorption uptake of PCN-224 can reach 90 % of the 

total adsorption capacity within 1 hour and equilibrium within 2 hours, which appears not to 

be influenced much by the molybdenum concentration due to the bigger pore size in PCN-

224. To further analyze the adsorption process, the pseudo-first-order and pseudo-second-

order models were employed to fit the experimental data (see Supporting Information). The 

calculated parameters are summarised in Table S3.1 and Table S3.2. The pseudo-second 

kinetic model of PCN-222 and PCN-224 has higher correlation coefficient values (R2>0.999) 

than the pseudo-first-order model, indicating that the Mo adsorption process can be better 

described by the pseudo-second kinetic model. Furthermore, the calculated adsorption 

capacities by the pseudo-second kinetic model are consistent with experimental data for two 

MOFs, which also indicates the existence of a chemisorption process. 
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Fig. 3.3. Molybdenum adsorption kinetics of (a) PCN-222 and (b) PCN-224 at different 

molybdenum concentration (pH=3).

 

Fig. 3.4. Molybdenum adsorption isotherm of (a) PCN-222 and (b) PCN-224 at pH 3. 

Adsorption curves were fitted by the Langmuir (blue) and Freundlich models (red). 

Molybdenum adsorption isotherms  

Molybdenum adsorption isotherms of PCN-222 and PCN-224 were measured at pH 3 as the 

function of the equilibrium molybdenum concentration to determine the molybdenum 

adsorption capacity, and the results are displayed in Fig. 3.4 (a) and (b). Their molybdenum 

uptake increased to around 350 mg/g and can exceed 70% of the adsorption saturation value 

at low molybdenum concentration (CMo<5 mg/mL). The maximum molybdenum adsorption 

capacity of PCN-222 was determined to be around 525 mg/g, which is higher than that of 

PCN-224 (455 mg/g). To better estimate the adsorption behaviour, the Freundlich and 

Langmuir models were applied to fit the obtained data. The fitted results are depicted in Table 

S3.3. The R2 values suggested that the Freundlich model could better fit the molybdenum 

adsorption isotherms of PCN-222 (96.1%) and PCN-224 (99.7%), which indicated that the 
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adsorption was multilayer adsorption on heterogeneous surface [29]. The molybdenum 

adsorption capacity of PCN-222 is larger than that of PCN-224, which may be attributed to 

its higher surface area and larger pore size than PCN-224. Moreover, both adsorbents exhibit 

excellent Mo adsorption performance compared to the previously reported adsorbents (Table 

3.1). In addition, compared to PCN-224, UiO-66 (Zr) has a relatively lower adsorption 

capacity (335) because it has smaller pore sizes, which restrict the adsorption of big-sized 

molybdenum species. It demonstrates that pore sizes also play a key role during the 

molybdenum adsorption process.  

Table 3.1. Summary of the static Mo adsorption capacity of various adsorbents. 

Adsorbents 
Mo adsorption 

capacity (mg/g) 

Surface area 

(m2/g) 
Ref. 

TUD-1 112 402 [12] 

Hydrous MnO2 50 -- [30] 

Hydrous TiO2 230 -- [13] 

Al-dropped mesoporous SiO2 16.8 463 [31] 

Mesoporous γ-Al2O3 56.2 251 [32] 

Nanocrystalline γ-Al2O3 200 252 [33] 

Nano Zr(OH)4 gel 292 151 [34] 

Macro/mesoporousγ-Al2O3 250 542 [35] 

Al99Mo gel 364 -- [36] 

UiO-66 (Zr) 335 1624 [24] 

Form-UiO-66 296 1653 [24] 

UiO-66-NH2 131 295 [24] 

UiO-66-NO2 227 575 [24] 

UiO-66 (Ce) 475 1140 [24] 

PCN-222 525 1882 This work 

PCN-224 455 1467 This work 

 

3.3.2 Molybdenum adsorption mechanism 

Characterization  

To observe the structural information after molybdenum adsorption, the XRD patterns of 

PCN-222 and PCN-224 were recorded and are shown in Fig. 3.5 (a) and (b). All diffraction 

peaks of PCN-222 and PCN-224 before adsorption match well with their corresponding 

calculated patterns [36, 37], which demonstrates that PCN-222 and PCN-224 with good 

crystalline structure were synthesized. After molybdenum adsorption, the intensity of the 
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diffraction pattern of PCN-222 was greatly decreased and the two peaks at 7.09° and 7.29° 

disappeared, which can be attributed to the partial occupation of the pores by Mo ions [38], 

causing diminishment of X-ray. At the same time, all diffraction peaks of PCN-224 

disappeared after adsorption except a tiny peak at 4.6° because the material was completely 

saturated with adsorbed Mo, resulting in a loss of long-range order in the crystal structure of 

the framework.  

 

Fig. 3.5. XRD patterns of (a) PCN-222 and (b) PCN-224; N2 adsorption isotherms of (c) 

PCN-222 and (d) PCN-224; FT-IR spectra of (e) PCN-222 and (f) PCN-224 before and 

after molybdenum adsorption using molybdenum concentration of 20 mg/mL (pH=3).  

The surface area of PCN-222 and PCN-224 was determined by the nitrogen adsorption-

desorption technique, as displayed in Fig. 3.5 (c) and (d).  The adsorption isotherms of PCN-
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222 with a type Ⅳ curve have two plateaus at relatively lower pressure and P/P0=0.3, 

corresponding to 1.2 nm micropores and 3.7 nm mesopores, respectively. While the nitrogen 

adsorption isotherms of PCN-224 belong to the type Ⅰ curve, indicating microporosity. After 

molybdenum adsorption, the surface area and pore volume of PCN-222 decreased from 1882 

m2/g and 1.22 cm3/g to 471 m2/g and 0.31 cm3/g, respectively (Table S3.4), which 

demonstrates that the molybdenum species enter the pores of PCN-222, indicating favorable 

molybdenum adsorption.  

The relatively high residual surface area indicates that the material is not fully saturated or 

that there are some pores that Mo species cannot reach. The surface area and pore volume of 

PCN-224 before adsorption are 1467 m2/g and 0.56 cm3/g, respectively, which decreased to 

13 m2/g and 0.002 cm3/g after adsorption, respectively. These results suggest that all the 

adsorption sites of PCN-224 were accessible and were occupied by molybdenum species.   

The FT-IR spectra of PCN-222 and PCN-224 before and after adsorption are shown in Fig. 

3.5 (e) and (f), respectively. Two new peaks at 908 cm-1 and 948 cm-1 for both MOFs after 

adsorption can be observed, demonstrating the presence of the Mo species (Mo=O) [39, 40]. 

The peak at 650 cm-1, which is attributed to the vibration of Zr-OH, is weaken for the two 

materials after adsorption, indicating that there is an interaction between the Mo species and 

the hydroxyl groups via hydrogen bonds [24]. The peak at 966 cm-1 corresponding to the N-

H in-plane bending vibration of pyrrolic nitrogen disappeared after Mo adsorption, 

suggesting an interaction between the -NH group and the Mo species [41]. 

To explore the possible adsorption mechanism, the surface composition and chemical states 

of the adsorbents were analyzed by XPS. Fig. 3.6 (a) shows the full view of the XPS spectra 

of PCN-222 before and after molybdenum adsorption. The primary peaks of C 1s, O 1s, N 

1s and Zr 3d can be observed in PCN-222 before and after Mo adsorption. The appearance 

of new peaks after Mo adsorption at 231.7 eV, 234.87 eV and 415.1 eV, which are attributed 

to Mo 3d5/2, Mo 3d3/2 and Mo 3p, respectively (Fig. 3.6b), indicates that Mo is successfully 

adsorbed by the adsorbents. Fig. 3.6 (c) shows the Zr 3d spectra PCN-222, which was 

deconvoluted to two peaks of Zr 3d5/2 at 182.21 eV and Zr 3d3/2 at 184.58 eV [42]. After Mo 

adsorption, these two peaks shifted to 181.8 eV and 184.17 eV. The binding energy shifts to 

lower energy caused by the increased electron density on the Zr surface, which may be 

ascribed to the formation of Mo-O-Zr coordination bonds vis donating one pair of electrons 

from the Mo species [24]. The N 1s spectrum of PCN-222 before adsorption, as shown in 
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Fig. 3.6 (d), can be divided into two peaks at 398.95 eV and 397.16 eV, which are assigned 

to pyrrolic N and pyridinic N, respectively [43]. Their binding energies moved to 398.79 eV 

and 397.02 eV after Mo adsorption. This small energy shift indicates the weak interaction 

between Mo species and N atoms. Moreover, the C 1s spectra of PCN-222 (Figure S3.2) 

before adsorption could be divided into three peaks at 284.4 eV, 285.4 eV and 288.2 eV, 

which are attributed to O-C=O, C-N and C-C/C-H, respectively [44].  

 

Fig. 3.6. (a) Full view XPS spectrum; (b) Mo 3d; (c) Zr 3d and (d) N 1s of PCN-222 before 

and after molybdenum adsorption. 

The XPS survey spectra of PCN-224 before and after Mo adsorption is displayed in Fig. 3.7 

(a) and the strong peaks of Mo observed for the PCN-224 after adsorption can be observed. 

High-resolution XPS spectra of Mo 3d is shown in Fig. 3.7 (b) and two peaks at 234.78 eV 

and 231.61 eV are ascribed to Mo 3d3/2 and Mo 3d5/2, respectively. Fig. 3.7 (c) shows the 

comparison between PCN-224 and PCN-224-Mo and no shifts can be observed, indicating 

that there is no charge in the redistribution of the Zr atoms. As shown in Fig. 3.7 (d), the N 

1s spectra of PCN-224 can be fitted with two separate peaks, which are attributed to pyrrolic 

N and pyridinic N. After Mo adsorption, the peak of pyrrolic N shifted from 398.94 eV to 

398.18 eV, suggesting the occurrence of interaction between Mo species and pyrrolic groups, 

which are consistent with the analysis of FT-IR results. In the C 1s spectra of PCN-224 (See 
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in Figure S3.3), the binding energy of O-C=O moved from 288.2 eV to 288.6 eV and the 

higher binding energy shift suggests the electron loss of this chemical bond, leading to 

structural change, which is consistent with the XRD and FT-IR results.  

 

Fig. 3.7. (a) XPS survey spectra; (b) Mo 3d; (c) Zr 3d and (d) N 1s of PCN-224 before and 

after molybdenum adsorption. 

Based on the above analysis, the possible molybdenum adsorption mechanisms seem to be 

derived by hydrogen bonds, electrostatic attraction and coordination interaction. The 

following is a summary: (1) The molybdenum species can be adsorbed through electrostatic 

attraction by PCN-222 and PCN-224, when pH<pHPZC; (2) The adsorption sites on the metal 

clusters (hydroxyl groups) and linkers (pyrrolic N) of PCN-222 and PCN-224 serve to 

interact with molybdenum species through hydrogen bonds; (3) Zr-O-Mo coordination 

interaction only appears in PCN-222, which is probably ascribed to its higher number of 

hydroxyl groups (Zr6(µ3-OH)8) and lower volumetric density of TCPP linkers (1.9 mmol/cm3) 

compared with that of PCN-224 (Zr6(µ3-O)4(µ3-OH)4 and 3.6 mmol/cm3) [45]. 

3.3.3 PCN-222 and PCN-224 as adsorbents for the 99Mo/99mTc 

generator 
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To further support the feasibility of PCN MOFs in practical application, their adsorption 

performance in batch and column mode was examined utilizing 99Mo. The results showed 

that the 99Mo static adsorption capacity of PCN-222 and PCN-224 was 365 mg/g and 336 

mg/g, respectively, when the initial Mo concentration was 5 mg/ml, which is consistent with 

the results obtained using non-active molybdenum. Then, the dynamic adsorption of PCN-

222 and PCN-224 was determined to be 280 mg/g and 268 mg/g, respectively. These 

promising results indicate that high amounts of 99Mo could be loaded allowing the 

development of 99Mo/99mTc generator.  

Table. 3.2.  Elution parameters of PCN-222 based 99Mo/99mTc generator using eluent 

having different pH values. 

Elution 

No. 
pH 

Time of 

growth (h) 

Elution yield 

(%) 

99Mo 

breakthrough (%) 

Zr breakthrough 

(ppm) 

1 6.1 24 31.3 1.9 <0.01 

2 

7.9 

24 52.4 2.0 <0.01 

3 25 45.0 2.4 <0.01 

4 24 49.0 2.4 <0.01 

5 9.6 23 56.4 2.2 <0.01 

99mTc elution performance of PCN-222 and PCN-224 as adsorbent for 99Mo/99mTc generator 

was subsequently evaluated. The generator was washed using saline solution (pH=6.1) after 

one day of 99mTc ingrowth. The detailed elution results can be found in Table S3.5 and Table 

S3.6. The elution yield of 99mTc for PCN-222 and PCN-224 was about 30% and 8%, 

respectively. The low elution yield was most likely caused by the inappropriate pH (<IEPs) 

of the saline solution. To improve the elution yield, saline solutions with different pH values 

were applied to elute the 99Mo/99mTc generator fabricated with PCN-222 as shown in Table 

3.2. It can be observed that the elution efficiency of 99mTc increased gradually with the 

increasing pH of the saline solution, reaching about 56% when the pH of the saline solution 

was 9.6. At the same time, the amount of 99Mo was about 2 % in all eluted fractions, which 

is higher than the limit of 0.1% based on the requirements of the International Pharmacopoeia 

(IP) (World Health Organization, 2009).[46] The zirconium breakthrough was less than the 

ICP-OES detection limit (i.e. 10 ppb) and is not considered to be a problem. The results show 

that PCN-222 could be a promising candidate as molybdenum adsorbent for 99Mo/99mTc 

generator. The higher elution efficiency and lower molybdenum breakthrough have to be 
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pursued by optimizing separation conditions for practical medical applications in the future.   

3.4. Conclusion  

PCN-222 and PCN-224 metal-organic frameworks with high surface area were synthesized 

and their molybdenum adsorption performance was studied at different pH and molybdenum 

concentrations. The maximum static molybdenum adsorption capacity of PCN-222 and PCN-

224 could reach up to 525 mg/g and 455 mg/g, respectively. XPS, FT-IR and zeta potential 

were employed to understand the interaction between molybdenum ions and MOFs. It was 

demonstrated that high surface area MOFs with big porous structures can improve 

molybdenum adsorption capacity by electrostatic attraction, hydrogen and coordination 

bonds. The 99mTc elution yield of 99Mo/99mTc generator using PCN-222 and PCN-224 as 

adsorbents was about 30% and 8%, respectively, when the pH of the saline solution was 6.1. 

A higher elution yield (56%) for the PCN-222 based generator can be obtained by increasing 

the pH of the saline solution to 9.6, but relatively high 99Mo breakthrough (~2%) was 

observed. Future studies will be done by focusing on improving 99mTc elution yield and 

reducing 99Mo breakthrough under different conditions so that PCN-222 possessing high 

molybdenum adsorption capacity can be used as adsorbent for the 99Mo/99mTc generator in 

eventual clinical application. 
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Supporting Information  

S1. Adsorption experiments  

Adsorption kinetics of PCN-222 and PCN-224 was conducted as follows: 6±0.5 mg 

adsorbents and 1 ml of Mo solution at pH 3 (5 mg/ml) were added in Eppendorf tubes. After 

shaking from 5 to 1440 min, all tubes were centrifuged and the Mo concentration of the 

supernatant solutions was measured using ICP-OES. 

To explore the influence of pH on Mo adsorption, experiments were carried out at a pH 

ranging from 2 to 10. First, 6±0.5 mg of the adsorbents and 1 ml of Mo solution (5 mg/ml) 

were added in Eppendorf tubes. After shaking for 24 h, all tubes were centrifuged and the 

molybdenum concentration of the supernatant solutions was measured using ICP-OES. 

S2. Adsorption models 

The experimental data were fitted using the Freundlich and Langmuir models. The linear 

mathematical equation of the Freundlich model can be described as  

                                                       𝑙𝑛𝑞𝑒 =
1

𝑛
𝑙𝑛𝐶𝑒 + 𝑙𝑛𝐾𝐹                                  (S-1) 

The linear mathematical equation of the Langmuir model can be described as 

                                                            
𝐶𝑒

𝑞𝑒
=

1

𝑄𝑚
𝐶𝑒 +

1

𝑄𝑚𝐾𝐿
                                  (S-2) 

Where Ce (mg/mL) and qe (mg/g) are the Mo concentration and the Mo adsorption capacity 

at equilibrium, respectively. KF is Freundlich constant and KL is Langmuir constant. Qm 

(mg/g) is the maximum adsorption capacity. The value of n reflects the sorption intensity, 

which is classified to be irreversible (n=0), favorable (0<1/n<1) and unfavorable (1/n>1).  

The experimental dates were analyzed with the pseudo-first-order and the pseudo-second-

order model to determine the adsorption kinetic process. The pseudo-first-order model can 

be described as follow: 

                                                              ln(qe-qt)=lnqe-K1t                                  (S-3) 

The pseudo-second-order model can be described as follow: 

                                                                
𝑡

𝑞𝑡
=

1

𝐾2𝑞𝑒
2 −

𝑡

𝑞𝑒
                                      (S-4) 

Where K1 is the pseudo-first-order constant and K2 is the pseudo-second-order constant. qt 

(mg/g) and qe (mg/g) are Mo adsorption capacity at time t and equilibrium.  
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S3. Fabrication of 99Mo/99mTc generator 

20 mg of enriched MoO3 (>99.95%) was sealed in a glass vial and irradiated 3 h by neutrons 

at the reactor Institute of Energy Security and Environmental Safety Centre for Energy 

Research, Hungary. The 20 mg of irradiated target (~68 MBq) and 355 mg of non-irradiated 

MoO3 were dissolved in 20 mL of NaOH solution at room temperature. Then pH of the 

prepared solution was adjusted to 3 resulting in total volume of molybdenum solution of 25 

mL. Therefore, the molybdenum concentration was 10 mg/mL and the specific activity was 

272 MBq/g. 

A plastic column of 0.5 cm inner diameter (0.5 cm×10 cm) was equipped with two filters (20 

µm pores) and ~100 mg of prepared MOFs. 50 mL of HCl solution (pH=3) was used to rinse 

the columns, which were fed using 5 ml (A0) of molybdenum solution (5 mg/ml) under flow 

rate of 0.3 ml/min. The eluted solution was collected and its activity was measured (A1). 150 

ml of saline solution was then passed through the columns to remove loose molybdenum 

species and the eluted solution was collected for gamma counts measurement (A2) using 

Wallac. Finally, the generator was eluted periodically at 24 hours intervals using saline 

solution with different pH values (6.1, 7.9 and 9.6). The activity of all eluted fractions was 

analyzed by a germanium detector (Model LG22) and a NaI(T1) counter coupled to a 2048 

analyzer (Wallac gamma counter, PerkinElmer). The gamma counts were recorded by 

measuring the 140 keV (99mTc) and 740 keV (99Mo) γ-ray photon-peaks.   

The dynamic adsorption capacity was calculated by the following equation: 

                                                          q𝑑 =
(𝐴0−𝐶1−𝐶2)×𝑉

𝑚
                                   (S-5) 

The zirconium breakthrough was measured by ICP-OES. The 99Mo breakthrough was 

determined by using the following equation: 

[99Mo activity in eluted fraction]/[ 99Mo activity +99mTc activity in eluted fraction] 

The elution yield was calculated based on the following equation:  

[99mTc activity in the eluted fraction]/ [expected 99mTc activity] 
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Figure S3.1. Mo adsorption kinetics of (a) PCN-222 and (b) PCN-224 fitted using the 

pseudo-second-order model. 

 

Figure S3.2. C 1s XPS spectra of PCN-222 before and after Mo adsorption. 
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Figure S3.3. C 1s XPS spectra of PCN-224 before and after Mo adsorption. 

Table S3.1. Parameters calculated from the pseudo-first-order and pseudo-second-order 

model for Mo adsorption on PCN-222 

C0 

(mg/mL) 

Pseudo-first order  Pseudo-second order 

qe, calcd 

(mg/g) 

K1 (min-1) R2  qe, calcd 

(mg/g) 

K2 

(g/mgꞏmin) 

R2 

1.62 11.22 0.0035 0.828  224.72 0.0018 1.000 

5.57 58.47 0.0024 0.780  380.23 0.0093 0.999 

10.91 166.98 0.0207 0.981  421.94 0.0005 0.999 

16.20 109.95 0.0019 0.784  505.05 0.0001 0.999 

21.46 146.55 0.0020 0.784  543.48 0.00006 0.999 

Table S3.2. Parameters calculated from the pseudo-first-order and pseudo-second-order 

model for Mo adsorption on PCN-224 

C0 

(mg/mL) 

Pseudo-first order  Pseudo-second order 

qe, calcd 

(mg/g) 

K1 (min-1) R2  qe, calcd 

(mg/g) 

K2 (g/mgꞏmin) R2 

1.55 34.08 0.0082 0.807  194.18 0.0001 1.000 

5.51 35.21 0.0112 0.660  325.73 0.0019 0.999 

10.54 39.35 0.0020 0.592  367.65 0.0006 0.999 

15.69 77.45 0.0032 0.998  434.78 0.0002 0.999 

20.93 79.43 0.0031 0.750  458.72 0.0002 0.999 
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Table S3.3. Parameters calculated from the Langmuir and Freundlich model fit for Mo 

adsorption  

Samples 
 Langmuir Parameters  Freundlich Parameters 

 Qm KL R2  1/n KF R2 

PCN-222  503 12.25 0.903  0.18 304 0.961 

PCN-224  452 1.99 0.945  0.22 240 0.997 

Table S3.4. Surface area of PCN-222 and PCN-224 

Samples  BET (m2/g) V (cm3/g) 

PCN-222 1882 1.22 

PCN-224 1467 0.56 

PCN-222-Mo 471 0.31 

PCN-224-Mo 13 0.002 

Table S3.5. Elution performances of PCN-222 based 99Mo/99mTc generator 

Elution No. Time of growth (h) Elution yield (%) 99Mo breakthrough 

1 24 28.4 5.9 

2 25 30.1 7.1 

3 22 33.8 6.5 

4 24 30.2 5.0 

Table S3.6. Elution performances of PCN-224 based 99Mo/99mTc generator 

Elution No. Time of growth (h) Elution yield (%) 99Mo breakthrough 

1 23 7.9 19.7 

2 25 9.9 14.4 

3 22 5.9 15.1 

4 24 6.5 14.2 
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Abstract  

The cerium-based metal-organic framework UiO-66 (Ce) was examined as a potential 

adsorbent for the 99Mo/99mTc generator. The results showed that the adsorbent had an 

outstanding adsorption performance, reaching up to 475 mg/g adsorption capacity at pH 3. 

An adsorption mechanism was proposed, where the adsorption was governed by hydrogen 

bonds, Ce-O-Mo coordination, π-anions and electrostatic interaction. Additionally, the 

adsorbent exhibited excellent radiation stability and good adsorption performance when 

radioactive 99Mo was applied. A 99Mo/99mTc generator was fabricated with UiO-66 (Ce) as 

adsorbent and its performance was evaluated over two weeks. The elution results showed 

that 92±3% of 99mTc elution efficiency could be obtained with negligible cerium 

breakthrough, showing the great potential of UiO-66 (Ce) as adsorbent for 99Mo/99mTc 

generators.  
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4.1  Introduction 

Technetium-99m, which is typically produced from the 99Mo/99mTc generator, is the most 

applied diagnostic radionuclide in nuclear medicine [1]. Technetium-99m, which is the decay 

product of molybdenum-99, can be separated from its parent radionuclide using various 

methods, for example, column chromatography, solvent extraction, sublimation and 

electrochemical separation [2]. Chromatographic separation is the most often applied due to 

its high efficiency, simplicity and speed of operation. When preparing commercial generators, 

99Mo is obtained as a 235U fission product with high specific activity, which is essential due 

to the limited molybdenum adsorption capacity of the alumina adsorbent used (2~20 mg/g) 

in the commercial generators [3].  

Alternative 99Mo production routes involving the irradiation of molybdenum targets by the 

98Mo (n, γ) 99Mo and the 100Mo (γ, n) 99Mo reactions have received attention in the last few 

years [4]. These processes have advantages such as lower cost, no nuclear waste and 

availability of many production places worldwide, i.e., nuclear research reactors and 

accelerators [5]. However, these routes produce low specific activity 99Mo that restricts its 

application using conventional alumina-based chromatography columns. To overcome this 

drawback, many adsorbents have been prepared and their performance in 99Mo/99mTc 

generators has been explored. For example, Saptiama et al. synthesized mesoporous alumina 

under high calcination temperature, achieving maximum molybdenum adsorption of 41.6 

mg/g [6]. The 99Mo adsorption capacity of polymer zirconium composites synthesized by 

Tanase et al. could reach about 200 mg/g with 99mTc elution yield of 80% [7]. Chakravarty 

et al. developed some nanomaterials with an acceptable adsorption capacity from 70 to 250 

mg/g, such as nano titania, nanocrystalline alumina and nano zirconia [8, 9]. These materials, 

however, have limited molybdenum adsorption capacity due to their low surface area. 

Therefore, new adsorbents having higher adsorption capacity and fast uptake are still required.  

Over the past few years, metal-organic frameworks (MOFs) have been extensively 

researched for diverse applications, due to their high surface area, easy functionalization and 

tuneable pore size [10, 11]. One of the most studied MOFs is UiO-66 (University of Oslo), 

thanks to its outstanding thermal, chemical and mechanical stability [12, 13]. Our previous 

work proved that UiO-66 (Zr) shows good performance and can be applied as an adsorbent 

for 99Mo/99mTc generator [14]. Meanwhile, it was reported that cerium was a promising metal 
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to use for MOF fabrication due to its inherent conversion trend between Ce4+ and Ce3+, which 

could result in different adsorption sites [15]. The first cerium-based MOF with the UiO-66 

structure was reported by Lammert et.nl. in 2015 [16] and was applied in various fields, 

including gas separation, catalysis and sensor [17-19].  

In this study, the potential of UiO-66 (Ce) as a molybdenum adsorbent for 99Mo/99mTc 

generator was explored. The molybdenum adsorption performance of UiO-66 (Ce), including 

adsorption kinetics and isotherms, was investigated by varying the molybdenum 

concentration and the pH value. The interaction between adsorbent and molybdenum species 

was also analysed by a combination of different characterization techniques, including zeta 

potential, Raman spectroscopy and X-ray photoelectron spectroscopy. The radiation stability 

of UiO-66 (Ce) was also investigated under gamma radiation. Furthermore, a 99Mo/99mTc 

generator was fabricated with UiO-66 (Ce) and its performance was investigated including 

elution yield, 99Mo breakthrough and cerium breakthrough.  

4.2  Experimental section  

4.2.1 Materials 

1,4-benzenedicarboxylate (BDC, 98%), ammonium cerium(IV) nitrate 

((NH4)2Ce(NO3)6, >95.5%) and N,N-dimethylformamide (DMF, 99.8%) were purchased 

from Sigma Aldrich. Molybdenum oxide (≥99.95%) was purchased from Alfa Aesar. All 

chemical reagents were used without any purification. 

4.2.2 Synthesis of Ce-based MOF 

UiO-66 (Ce) was synthesized based on previously reported literature [16]. First, 1,4-

benzenedicarboxylate (85.2 mmol) was dissolved into a glass bottle containing DMF (4.8 

mL). Then, the aqueous solution of cerium ammonium nitrate (0.5333 M, 0.8 mL) was added 

to the mixture and the glass bottle was heated at 100 °C for 20 min using magnetic stirring. 

Afterwards, the precipitate was washed two times with DMF and ethanol, respectively. The 

obtained powder was dried at 70 °C for 12 h.  
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4.2.3 Characterization  

The X-ray diffraction patterns of prepared MOF were recorded by a PANalytical X’pert Pro 

PW3040/60 diffractometer with Cu Kα radiation with an angular 2θ ranging from 5~40°. The 

surface area of the samples was determined by nitrogen adsorption at liquid nitrogen 

temperature by a Micromeritics Tristar II and calculated using the Brunauer-Emmett-Teller 

(BET) method. Inductively coupled plasma optical emission spectrometry (ICP-OES, 

Optima 4300 DV, Perkin Elmer) was applied to determine the molybdenum concentration 

before and after adsorption. The Zeta potential of the samples was performed within a pH 

range of 2~12 using a Malvern Zetasizer Nano S at room temperature. X-ray photoelectron 

spectra (XPS) were obtained on Thermofisher Scientific electron spectroscopy with Mg K-

alpha source. The optical absorption property of sample was collected by a UV adsorption 

spectrophotometer (UV-6300PCC, VWR). The morphology and elements distribution of the 

adsorbent were studied using scanning electron microscopy (SEM, JEOL ISM-IT100) and 

energy dispersive spectroscopy (EDS, JEOL ISM-IT100). Raman spectroscopy of the sample 

was performed by a Raman spectrometer (LabRAM HR, HORIBA Scientific) with a green 

laser (λ=532 nm) at room temperature. The prepared sample was irradiated by a Co-60 source 

with different doses (100 kGy, 350 kGy and 550 kGy) at a dose rate of 0.53 kGy/h.  

4.2.4 Molybdenum adsorption  

The effect of pH on the molybdenum adsorption uptake of UiO-66 (Ce) was studied for a pH 

range of 2~12. Typically, 6 mg of the adsorbent was added to Eppendorf tubes with different 

molybdenum concentrations (0.1~20 mg/mL). All tubes were shaken for 20 h at room 

temperature by a temperature-controlled vibrator. Then, the adsorbents were separated using 

a centrifuge and the supernatant solution was diluted at appropriate times for concentration 

measurement using ICP-OES. The uptake (q) was defined by the following equation: 

q=(Cb-Ca)*V/m 

Where Cb and Ca (mg/mL) are the molybdenum concentration before and after adsorption, 

respectively. V (mL) and m (mg) represent the volume of molybdenum solution and mass of 

adsorbent, respectively. All adsorption experiments were performed in triplicate. The details 

about column preparation of the 99Mo/99mTc generator and the separation of radionuclides 

were described in Supporting Information S-1. 
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4.3  Results and discussion 

4.3.1 Characterization  

The morphology and elemental distribution of UiO-66 (Ce) were determined by SEM and 

EDS. As shown in Fig. 4.1, it can be observed that the prepared sample had spherical particles 

with a diameter between 200 and 400 nm. The EDS mapping showed the presence of 

uniformly distributed C, O, Ce. Fig. 4.2 (a) shows the XRD patterns of UiO-66 (Ce) before 

and after molybdenum adsorption. The pattern of UiO-66 (Ce) prior to molybdenum 

adsorption displayed all diffraction peaks consistent with the simulated XRD pattern (also 

shown in Fig. 4.2 (a)) and no impurities were observed. Fig. 4.2 (b) displays the N2 

adsorption-desorption isotherms of UiO-66 (Ce) at 77 K. The adsorption isotherms belong to 

the type Ⅰ adsorption curve. The calculated BET surface area and micropore volumes were 

1140 m2/g and 0.4 cm3/g, respectively. The XRD and N2 adsorption results of UiO-66 (Ce) 

after molybdenum adsorption in Fig. 4.2 will be discussed later.  

 

Fig. 4.1. SEM images and EDS mapping of UiO-66 (Ce) before molybdenum adsorption 

(b) C, (c) O and (d) Ce. 
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Fig. 4.2. (a) XRD patterns and (b) N2 adsorption-desorption isotherms of UiO-66 (Ce) 

before and after molybdenum adsorption at pH 3 in equilibrium concentration. 

4.3.2 Molybdenum adsorption studies 

Effect of pH  

The pH of the solution influences the formation of molybdenum species and therefore its 

effect on the molybdenum adsorption was investigated [20]. Fig. 4.3 (a) shows the zeta 

potential of UiO-66 (Ce) and its isoelectric point (IEP) was somewhere between 8 and 11.5, 

meaning that the adsorbent was positively charged when the pH was lower than the pH value 

of the IEP. The Mo7O24
6- complexes are the dominant molybdenum chemical species at a pH 

range of 2~5 and the major species is MoO4
2- at pH>5 (Figure S4.3), when molybdenum 

concentration is 5 mg/mL [21]. The negatively charged molybdenum species in an acidic and 

neutral environment are beneficial for the adsorption on the positively charged UiO-66 (Ce). 

Fig. 4.3 (b) shows the effect of pH on the adsorption capacity of UiO-66 (Ce). The 

molybdenum uptake of UiO-66 (Ce) decreased gradually from 400 to 250 mg/g with 

increasing pH from 2 to 5, reaching eventually 220 mg/g at pH 8. This trend is consistent 

with the zeta potential of UiO-66 (Ce), suggesting that electrostatic attraction plays a key role 

in molybdenum adsorption. However, the adsorption capacity of UiO-66 (Ce) is still 182 

mg/g when the zeta potential of the adsorbent was negative, indicating that electrostatic 

attraction was not the only interaction mechanism involved in the molybdenum adsorption. 
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Fig. 4.3. Effect of pH on (a) zeta potential and (b) uptake of UiO-66 (Ce), the initial Mo 

concentration of 5 mg/mL. 

Adsorption kinetics  

Batch experiments were carried out to investigate the molybdenum adsorption isotherms and 

adsorption kinetics of UiO-66 (Ce). The molybdenum adsorption uptake was investigated at 

pH 3 for different incubation times, as shown in Fig. 4.4 (a). UiO-66 (Ce) showed an initial 

rapid molybdenum adsorption uptake, reaching 80% of the equilibrium value after 30 min 

for all studied concentrations. This fast adsorption kinetics could be due to the existence of 

many available sites on the external surface, which prompts molybdenum ions to diffuse into 

the adsorption sites [22]. The uptake was more than 90% of the equilibrium value after 1.5 h 

and reached saturation after 3 h, due to the diffusion of molybdenum species into the inner 

pores of UiO-66 (Ce). Moreover, the equilibrium uptake of UiO-66 (Ce) increased when 

increasing the concentration and then remained stable when the initial molybdenum 

concentration was 10 mg/mL, suggesting that the molybdenum adsorption is closed to reach 

saturation. To further characterize the adsorption kinetics, the pseudo-first-order and pseudo-

second-order kinetic models were applied to fit the adsorption kinetics. The fitting results of 

these models are displayed in Figure S4.4 and Table S4.1. These results indicated that the 

adsorption process was better described by the pseudo-second-order model, which according 

to the model indicated that the adsorption rate was dominated by chemical interaction [23]. 

In addition, the intraparticle diffusion model was employed to better understand the 

adsorption process. As shown in Figure S4.5 and Table S4.2, it can be observed that the first 

stage has a fast adsorption rate on the surface or adsorption sites of UiO-66 (Ce). In contrast, 

molybdenum species diffuse into inner pores showing a slower adsorption rate. 
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Adsorption isotherms 

Fig. 4.4 (b) shows the Mo adsorption isotherm on UiO-66 (Ce) obtained by the varying initial 

molybdenum concentration from 0.1 to 20 mg/mL at pH 3. The adsorption uptake of the 

adsorbent increased abruptly at low concentrations, reaching a capacity of approximately 

~350 mg/g at 5 mg/mL, which was more than 80% of the maximum adsorption capacity. 

Eventually, a plateau of around 475 mg/g, which is consistent with the results of the 

adsorption kinetics, was achieved. To further understand the molybdenum adsorption process, 

the Langmuir model and Freundlich models were employed to fit the experimental data. The 

non-linear fit results and calculated parameters are displayed in Table S4.3. The Langmuir 

model (R2=0.997) can fit the experimental data better than the Freundlich model. The 

maximum adsorption capacity calculated by the Langmuir model was 485 mg/g, which is 

much higher when compared to that of UiO-66 (Zr) in our previous work [14]. Although the 

UiO-66 (Ce) has the same crystal structure as UiO-66 (Zr) and has a relatively lower surface 

area, the Ce-based MOF displayed a much higher molybdenum adsorption capacity, which 

is probably related to the inherent characteristics of cerium and will be discussed in the 

adsorption mechanism part of this paper. Moreover, this material exhibited the highest 

molybdenum adsorption capacity reported so far (Table S4.4). 

 

Fig. 4.4. Adsorption (a) kinetics fitted by the pseudo-second-order model and (b) isotherms 

of UiO-66 (Ce) non-linearly fitted by the Langmuir and Freundlich models at pH 3. 

4.3.3 Adsorption mechanism 

XRD was utilized to analyse the structure of the UiO-66 (Ce) after adsorption (Fig. 4.2 (a)). 

The XRD analysis showed that all diffraction peaks still matched well with the sample before 

adsorption, which indicated that Ce-MOF-Mo kept its crystalline structure upon 
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molybdenum adsorption. However, all diffraction peaks decreased in intensity after 

molybdenum adsorption, which was attributed to the trapped molybdenum species, causing 

the diminished X-ray contrast [24, 25]. The N2 adsorption-desorption experiment of the Ce-

MOF-Mo was also carried out after adsorption (Fig. 4.2 (b)). The BET surface area and pore 

volumes were 8 m2/g and 0.0009 cm3/g, respectively. This dramatic decline in pore volume 

and surface area indicated that the molybdenum species completely filled the pores of the 

adsorbent. Furthermore, the EDS mapping (Figure S4.6) showed that the adsorbed 

molybdenum was distributed uniformly. (Table S4.5).  

The Raman spectra of UiO-66 (Ce) before and after molybdenum adsorption at equilibrium 

concentration is presented in Fig. 4.5. The main peak at 453 cm-1 is assigned to the symmetric 

stretching vibration of Ce-O bonds in metal clusters [26]. After molybdenum adsorption, the 

peak of UiO-66(Ce)-Mo at 440 cm-1 showed a blue-shift, which could be caused by the 

introduced molybdenum species or defects sites formed in the sample [27, 28]. The broad 

and weak peaks at 313 cm-1 and 813 cm-1 were assigned to Mo=O bending vibrations and 

Mo-O-Mo antisymmetric stretches, respectively. A peak observed at 890 cm-1 was attributed 

to the Ce-O-Mo stretching vibration mode [29], which indicated that molybdenum species 

were anchored on the adsorbent by Ce-O-Mo coordination [30, 31].  

 

Fig. 4.5. Raman spectroscopy of UiO-66 (Ce) before and after molybdenum adsorption. 
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To further explore the adsorption mechanism, XPS spectra of UiO-66 (Ce) before and after 

adsorption were performed. The XPS spectra survey showed the existence of C, O and Ce 

elements in UiO-66 (Ce) before and after adsorption (Fig. 4.6 (a)). The new binding energy 

peaks for Ce-MOF-Mo at 228~240 eV and 410~420 eV were attributed to Mo 3d and Mo 3p 

spectra, respectively [32]. The lower binding energy peaks could be deconvoluted into two 

doublets at 232.0 eV and 235.1 eV (Fig. 4.6 (b)), which are assigned to Mo 3d5/2 and Mo 

3d3/2, respectively, indicating the presence of Mo6+ [33]. The XPS Ce 3d spectrum of UiO-

66 (Ce) before and after adsorption is shown in Fig. 4.6 (c). The whole spectrum could be 

deconvoluted into 8 peaks corresponding to two different valence states (Table S4.6). This is 

related to the electron configuration of Ce ([Xe]4f15d16s2) and the low-lying nature of the 

empty 4f band, causing the formation of Ce4+ and partial reduction to Ce3+ [34, 35]. The 

presence of Ce3+ cations could cause structural defects such as linker vacancies. These defects 

would induce the formation of Ce-OH groups [36-38], which are favourable for molybdenum 

adsorption. In addition, the shift of binding energy to a lower value indicates that the electron 

density of the Ce atoms increased after adsorption, which was probably due to the formation 

of Mo-O-Ce coordination bonds [39], matching with the observations of the Raman analysis. 

Fig. 4.6 (d) shows the C 1s spectra of UiO-66 (Ce) before and after molybdenum adsorption. 

The C 1s spectra could be deconvoluted into four peaks, which were assigned to π-π*, O=C-

O, C-O and C-C/C-H (Table S4.7) [40]. After adsorption, the negative shift by 0.23 eV 

suggests a strong chemical interaction between C-C/C-H and molybdenum species via 

hydrogen bonds. The satellite peak at 290.1 eV was determined to be the π-π* component 

and its percentage decreased from 6.16% to 2.15% after molybdenum adsorption, suggesting 

the π-anions interaction between adsorbent and molybdenum species. Fig. S4.7 shows the 

UV absorbance spectra of UiO-66 (Ce). A peak was detected at 240 nm, which was ascribed 

to the π-π* transitions [40, 41]. However, this peak disappeared after molybdenum adsorption, 

indicating that the π-π* component reacted with the molybdenum species, which is consistent 

with the C 1s XPS results. Based on the above analysis, the interaction between the adsorbent 

and Mo species is governed by electrostatic attraction, hydrogen bonds formation, Mo-O-Ce 

coordination and π-anions.  
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Fig. 4.6. (a) XPS survey spectrum, high-resolution XPS spectra of (b) Mo 3d, (c) Ce 3d and 

(4) C 1s. 

4.3.4 Radiation stability of UiO-66 (Ce) 

To further evaluate the adsorption performance of UiO-66 (Ce) as adsorbent for the 

99Mo/99mTc generator, adsorption experiments involving 99Mo were carried out. The results 

showed that the adsorption capacities of the adsorbent were 11 mg/g, 184 mg/g and 304 mg/g, 

respectively, when the initial Mo concentrations were 0.1 mg/mL, 1.5 mg/mL and 5 mg/mL. 

This adsorption uptake was consistent with the adsorption capacity using the non-radioactive 

Mo solution. Moreover, the crystal structure of the adsorbent after adsorption was 

characterized by XRD (Fig. 4.7 (a)) and they all showed the same diffraction peaks as the 

original material, suggesting that the crystal structure of the adsorbent was not affected after 

99Mo adsorption. In addition, the radiation stability of UiO-66 (Ce) is an essential 

characteristic for its use in the 99Mo/99mTc generator. Fig. 4.7 (b) shows the XRD patterns of 

UiO-66 (Ce) after exposure to different doses of gamma-ray originating from a Co-60 source. 

It can be confirmed that this adsorbent kept its good crystallinity after 550 kGy gamma 
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irradiation, exhibiting an outstanding radiation resistance.  

 

Fig. 4.7. XRD patterns of UiO-66 (Ce) (a) after 99Mo adsorption at pH 3 for 20 h and (b) 

after exposure to gamma-ray irradiation. 

4.3.5 Performance of UiO-66 (Ce) as adsorbent in 99Mo/99mTc generator 

A 99Mo/99mTc generator was packed using UiO-66 (Ce) particles as column bed. After 

loading 99Mo, the adsorption capacity of the UiO-66 (Ce) generator was determined to be 

297 mg/mL, which was consistent with the previous results when non-radioactive 

molybdenum was applied. Then the column was rinsed with 0.9% saline solution to remove 

the loosely absorbed molybdenum ions. The practical adsorption capacity of UiO-66 (Ce) 

was calculated to be 246 mg/g, which was close to the uptake value in the pH range of 5 to 8 

(as shown in Fig. 4.3 (b)). Afterwards, the column was eluted daily using 0.9% saline solution 

(pH=6) for two consecutive weeks. The elution yield and cumulative yield curve of 99mTc as 

a function of the volume of the eluted saline solution are shown in Fig. 4.8. It was observed 

that the elution yield of 99mTc decreased sharply with the increasing volume of the saline 

solution. More than 99% of 99mTc could be collected after passing 6 mL of saline solution 

through the generator. In Table 4.1, the elution efficiency and the 99Mo and Ce breakthrough 

of the 99Mo/99mTc generator are displayed. It can be seen that the elution yield of 99mTc was 

about 92±3% and remained around that value for two weeks. There is about 0.2%~0.3% of 

99Mo contamination in each elution fraction, which is slightly higher than the requirement 

(<0.1%) defined by the International Pharmacopoeia [42]. The Ce breakthrough in all elution 

fractions was determined to be around 1 ppm. 
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Fig. 4.8. Elution yield of 99mTc of the 99Mo/99mTc generator using saline solution (pH=6). 

Table 4.1. Elution performance of UiO-66 (Ce) in the 99Mo/99mTc generator over two 

weeks 

Elution 

No. 

Time of 

ingrowth (h) 

Elution 

efficiency (%) 

99Mo 

breakthrough (%) 

Ce breakthrough 

(ppm) 

1 24 88.8 0.36 1.21 

2 72 87.7 0.21 0.92 

3 24 91.2 0.28 0.46 

4 24 91.0 0.24 0.99 

5 24 93.6 0.30 0.98 

6 24 90.2 0.33 0.96 

7 68 88.6 0.20 0.27 

8 24 91.7 0.29 0.96 

9 23 93.5 0.19 0.92 

10 24 96.9 0.24 0.53 

11 24 95.9 0.29 0.93 

12 72 96.6 0.09 0.81 

The total activity of many commercial generators is about 2 Ci when 2 g of adsorbent is 

typically used. Alternative production methods to 235U fission can provide 99Mo with specific 

activity in the range of 1-10 Ci/g [43]. Assuming a generator fabricated with 2 g of UiO-66 

(Ce) and 6 Ci/g of specific activity of 99Mo, this adsorbent should be able to deliver 3 Ci of 

99Mo, when ~52% of the maximum adsorption capacity (250 mg/g) was applied here. In 

addition, the column experiment was repeated and the results are shown in Table S4.8. About 
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92% of 99mTc elution yield can be achieved, which corresponds with previous results, 

showing good repeatability. The above results indicated that UiO-66 (Ce) exhibited great 

potential as adsorbent for 99Mo/99mTc generator utilizing low specific activity 99Mo, 

providing new exciting opportunities for production using more production facilities 

worldwide.  

4.4 Conclusions 

UiO-66 (Ce) was synthesized successfully and utilized as adsorbent for 99Mo/99mTc generator. 

The maximum adsorption capacity of the adsorbent was 475 mg/g and the adsorption reached 

equilibrium within 3 h. The positive charge of the adsorbent was favourable for molybdenum 

adsorption by electrostatic attraction. The XPS results confirmed the existence of Ce3+/Ce4+ 

i.e. two chemical valences, causing linker defects and the formation of extra hydroxyl groups, 

which were beneficial for molybdenum adsorption via coordination interaction, π-anions and 

hydrogen bonds. Moreover, the adsorption performance of UiO-66 (Ce) using radioactive 

99Mo solution verified its good adsorption behaviour and radiation stability. The column 

results showed that about 92±3% elution efficiency of 99mTc and low cerium breakthrough 

could be achieved for two-week elution. The excellent performance of the developed 

99Mo/99mTc generator reveals that UiO-66 (Ce) is a great adsorbent candidate for applications 

using low specific activity 99Mo. 
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Supporting information 

S-1 Gamma irradiation  

The irradiation facility (GC220) was equipped with cobalt-60 sources (as shown in Figure 

S4.1) having half-life of 5.272 years. ~100 mg of UiO-66 (Ce) was packaged in a Posthumus 

plastic capsule in air and then the capsule was exposed to different gamma radiation doses 

(100 KGy, 350 KGy and 550 KGy).   

S-2 Evaluation of the performance of UiO-66 (Ce) as sorbents in the 

99Mo/99mTc generator 

Column fabrication 

A plastic column with an inner diameter of 0.6 cm was fabricated with ~150 mg of UiO-66 

(Ce). A filter and some cotton wools were placed at the bottom of the column, as shown in 

Figure S2. The column was conditioned by passing HCl solution at pH 3. The whole system 

was derived using a multi-channel peristaltic pump. All experiments were carried out within 

a shield on the lead brick wall.  

Preparation of 99Mo solution 

About 20 mg of MoO3 (>99.95%) in the form of powder, the enriched target material, was 

sealed in a plastic capsule and was irradiated for 3 h by neutrons at the reactor of the Institute 

for Energy Security and Environmental Safety Centre for Energy Research, Hungary. The 

irradiated [99Mo]MoO3(~67 MBq) and 355 mg of non-radioactive MoO3 were dissolved into 

deionized water containing 300 mg of NaOH. Then the above solution was stirred using a 

magnetic rotor until all powder was dissolved. After that, the pH of the solution was adjusted 

to 3 and the total volume of the Mo solution was titrated to 25 mL. Eventually, the 

concentration of molybdenum solution was 10 mg/mL. 

The adsorption and separation characteristics of UiO-66 (Ce) 

The prepared column was fed with 4 ml of 99Mo solution (5 mg/mL) at a flow rate of 0.15 

ml/min. The loaded column was washed using 50~100 mL of saline solution (0.9% NaCl). 

Then the column was eluted every 24 h using 12 ml of saline solution over a period of two 
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weeks. Finally, the activity of 99Mo and 99mTc (740 keV for 99Mo and 141 keV for 99mTc) for 

the eluted solution was collected with a gamma counter (Wallac Wizard 2480, PerkinElmer). 

The elution yield was evaluated according to the following equation:  

[99mTc activity in the eluted fraction]/ [expected 99mTc activity] 

The expected activity of 99mTc was calculated by the following formula:  

                                       Ae= 0.88(
𝜆2

𝜆2−𝜆1
)𝐴(𝑒−𝜆1𝑡 − 𝑒−𝜆2𝑡)                                  (1) 

Ae is the activity of the daughter (99mTc) and A is the activity of the parent (99Mo) at the time 

of last elution; λ1 and λ2 are the decay constant of the parent (
ln2

66
=0.0105) and daughter 

(
ln2

6
=0.1155), respectively; 0.88 is the fraction of 99Mo that decays to 99mTc (the other 12% 

directly decays to Tc-99); t is the time since the last elution. The 99Mo breakthrough was 

calculated by the following equation: 

[99Mo activity in the eluted fraction]/[ 99Mo activity +99mTc activity in the eluted fraction] 

In addition, the cerium breakthrough and molybdenum breakthrough were the concentration 

of Ce and Mo in each eluted fraction, respectively. Their concentrations were determined by 

inductively coupled plasma optical emission spectroscopy (ICP-OES, Optima 4300 DV, 

Perkin Elmer) after the decay of 99Mo.  

S-3 Adsorption kinetic models  

The equation of pseudo-first-order, pseudo-second-order kinetic and intraparticle diffusion 

models are displayed as following:  

                                                       ln (qe - qt) = ln qe - K1t                                        (2) 

                                                             
𝑡

𝑞𝑡
=

𝑡

𝑞𝑒
+

1

𝐾2𝑞𝑒
2                                               (3) 

                                                               qt=K3t0.5+C                                                 (4) 

Where qe and qt are adsorption capacity (mg/g) at equilibrium and time t (min), respectively. 

K1, K2 and K3 adsorption rate constant of pseudo-first-order, pseudo-second-order kinetic and 

intraparticle diffusion model, respectively. t (min) is the reaction time.  

The equations of Langmuir and Freundlich models are displayed as following:  

                                                               𝑞𝑒 =
𝐾𝐿𝑄𝑚𝐶𝑒

1+𝐾𝐿𝐶𝑒
                                                (5) 

                                                                𝑞𝑒 = 𝐾𝐹𝐶𝑒
1 𝑛⁄

                                             (6) 
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where KL and KF denote the Langmuir and Freundlich constants, respectively. Qm is the 

Langmuir maximum adsorption capacity. qe represents Mo adsorption capacity at equilibrium 

and Ce is the residual concentration of Mo solution at equilibrium. 

 

Figure S4.1. The facility of Cobalt-60 sources. 

 

Figure S4.2. Photos of column experimental set up (left) and the fabricated column (right). 
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Figure S4.3. Molybdenum speciation in solution as a function of Ph by CHEAQS when 

molybdenum concentration is 5 mg/mL. 

 

Figure S4.4. Linear fits of the adsorption kinetics of UiO-66 (Ce) by the pseudo-second-

order model at pH 3. 
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Figure S4.5. The adsorption kinetics of UiO-66 (Ce) fitted by the intraparticle diffusion 

model at pH 3.  

 

Figure S4.6. SEM image and EDS mapping of UiO-66 (Ce) after molybdenum adsorption. 
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Figure S4.7. The ultraviolet spectrum of UiO-66 (Ce) before and after molybdenum 

adsorption. 

Table S4.1. The liner fitting parameters of adsorption kinetic models. 

C0 

(mg/mL) 

Pseudo-first order  Pseudo-second order 

Qe, calcd 

(mg/g) 

K1 (min-1) R2  qe, calcd 

(mg/g) 

K2 

(g/mgꞏmin) 

R2 

1.5 47.5 0.0110 0.904  183.8 0.0009 0.997 

5 52.6 0.0045 0.520  305.8 0.0009 0.999 

10 124.8 0.0108 0.661  421.9 0.0003 0.999 

15 261.3 0.0267 0.921  408.2 0.0003 1.000 

20 100.2 0.0064 0.626  380.2 0.0004 0.999 

Table S4.2. The calculated parameters of the intraparticle diffusion model 

Concentration 

(mg/mL) 

The first stage The second stage 

K3 C R2 K3 C R2 

1.5 17.91 63.58 0.928 1.57 151.62 0.962 

5 26.68 134.79 0.709 2.70 255.19 0.796 

10 31.73 169.09 0.913 6.51 293.55 0.805 

15 50.63 54.71 0.983 6.53 89.64 0.953 

20 40.36 80.35 0.878 4.86 287.97 0.707 

 

  



Chapter 4  

 

 108 

Table S4.3. The calculated parameters of adsorption models. 

Samples 
Langmuir Parameters  Freundlish Parameters 

Qm KL R2  1/n KF R2 

Ce MOFs 485 0.549 0.997  0.32 224 0.983 

Table S4.4. Comparison of the Mo adsorption capacity of various adsorbents. 

Adsorbents 
Mo adsorption 

capacity (mg/g) 

Surface 

area (m2/g) 

Initial Mo 

concentration 
Ref. 

TUD-1 112 402 2.6 mM [1] 

Hydrous TiO2 230 -- -- [2] 

Hydrous MnO2 50 -- 150 mg/mL [3] 

Al-dropped mesoporous 

SiO2 

16.8 463 10 mg/mL [4] 

Mesoporous γ-Al2O3 56.2 251 -- [5] 

Nanocrystalline γ-Al2O3 200 252 10 mg/mL [6] 

Macro/mesoporous γ-Al2O3 250 542 10 mg/mL [7] 

Al99Mo gel 364 -- 100 mg/mL [8] 

UiO-66 (Zr) 335 1624 20 mg/mL [9] 

Form-UiO-66 296 1653 20 mg/mL [9] 

UiO-66-NH2 131 295 20 mg/mL [9] 

UiO-66-NO2 227 575 20 mg/mL [9] 

UiO-66 (Ce) 475 1140 20 mg/mL This 

work 

Table S4.5. Summary of elemental contents of UiO-66 (Ce) after molybdenum adsorption 

by EDS analysis. 

Elements  Mass (%) Atom (%) 

C 25.31 47.77 

O 30.62 43.39 

Ce 21.11 3.42 

Mo 22.96 5.42 
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Table S4.6. Percentage of Ce XPS peak before and after Mo adsorption.  

 

Ce-MOFs  Ce-MOFs-Mo 

Binding energy 

(eV) 
Percentage  

Binding energy 

(eV) 
Percentage  

Ce 

3d3/2 

916.64 8.60 %  916.43 6.91 % 

906.70 6.28 %  906.53 5.63 % 

903.55 10.97 %  903.58 12.58 % 

901.05 9.44 %  901.04 12.61 % 

898.40 15.48 %  898.29 11.51 % 

Ce 

3d5/2 

888.57 5.82 %  887.18 5.24 % 

885.71 16.46 %  885.24 22.93 % 

882.57 28.52 %  882.07 23.96 % 

Table S4.7. Percentage of C XPS peak before and after Mo adsorption. 

 

Ce-MOFs  Ce-MOFs-Mo 

Binding energy 

(eV) 
Percentage  

Binding energy 

(eV) 
Percentage  

C 1s 

290.10 6.16%  290.19 2.15% 

288.04 18.89 %  288.12 18.76 % 

285.24 21.83 %  285.24 33.83 % 

284.11 55.05 %  283.88 46.44 % 

Table S4.8. Elution performance of UiO-66 (Ce) in the 99Mo/99mTc generator for four days 

Elution No. 
Time of 

ingrowth (h) 

Elution efficiency 

(%) 
99Mo breakthrough (%) 

1 24 96.2 0.51 

2 24 90.8 0.53 

3 24 90.4 0.39 

4 24 93.6 0.54 
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Abstract  

Four different MOFs were exposed to gamma rays by a cobalt-60 source reaching a 

maximum dose of 5 MGy. The results showed that the MIL-100 (Cr) and MIL-100 (Fe) did 

not exhibit obvious structural damage, suggesting their excellent radiation stability. MIL-101 

(Cr) showed good radiation stability up to 4 MGy, but its structure started degrading with 

increasing radiation dose. Furthermore, the results showed that the structure of AlFu MOFs 

started to decompose at a gamma dose of 1 MGy, exhibiting a much lower tolerance to 

gamma radiation. At this radiation energy, the dominant interaction of the gamma-ray with 

MOFs is the Compton effect and the radiation stability of MOFs can be improved by prolific 

aromatic linkers, high linker connectivity and good crystallinity. The results of this study 

indicate that MIL-100 and MIL-101 MOFs have a good potential to be employed in nuclear 

applications, where relatively high radiation doses play a role, e.g. nuclear waste treatment 

and radionuclides production.   
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5.1  Introduction  

In recent years, the increasing energy demand has renewed the interest in nuclear energy 

especially since it is an effective way to achieve carbon dioxide neutral energy production 

[1]. Nevertheless, nuclear waste is still a major concern and has resulted in studies aiming at 

better waste management in which separation or sequestration of the different radionuclides 

is essential, especially in the long-run. On top of that, the production of radionuclides of 

medical interest is also a major topic in the nuclear filed [2].  

Metal-organic frameworks (MOFs) materials have been investigated extensively as 

adsorbents for nuclear waste treatment as well as for radionuclide production, due to their 

high specific surface area, tunable functional groups allowing high selectivity and good 

chemical stability [3-6]. For instance, several MOFs have shown outstanding performance in 

the field of radioactive gas separation (85Kr, 129I, 135Xe and 222Rn) [7-11], seawater 

purification [12-14], radionuclide adsorption for wastewater remediation (59Fe, 65Zn, 137Cs 

and 235U) [15-24] and radionuclide production [25]. Although these MOFs have excellent 

chemical stability and have shown great potential in waste treatment application, their 

resistance to ionizing radiation has hardly been reported. To fully exploit the potential of 

MOFs in these fields, it is imperative to determine their radiation resistance. So far, the 

stability of only a few MOFs has been investigated under gamma radiation. For example, A 

series of SIFSIX-3 MOFs have been studied under beta and gamma irradiation by Elsadi et 

al., who reported that SIFSIX-3-Cu had the best radiation resistance to gamma and beta 

radiation up to a dose of 50 kGy and 25 MGy, respectively [22]. The radiation stability of 

several MOFs with different metals (Al, Zr, Cu, Zn) has been studied under different gamma 

doses and the results have demonstrated that MIL-100 (Al) shows the best radiation tolerance, 

i.e. 2 MGy [23]. Gilson et al. have developed a thorium-based MOF, which has survived 

gamma radiation up to a dose of 4 MGy and a dose of α particles up to 25.5 MGy [26]. 

Furthermore, Nenoff et al. have investigated the influence of gamma dose rates (0.78 Gy/min, 

3days and 423.3 Gy/min, 23 min) on the stability of NU-1000 and UiO-66, and found that 

NU-1000 exhibits better stability because of its high linker connectivity and lower node 

density [27]. However, the radiation resistance of many other promising MOFs and especially 

at higher gamma radiation dose remains unknown.  
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MIL-101 (Cr), possessing high surface area and excellent chemical stability, has shown good 

potential to separate radionuclides [28]. In addition, this MOF can also be applied to produce 

the 51Cr radionuclide, which is widely used to label platelets and red blood cells, and to 

evaluate their lifespan in clinical application and is desired radionuclide, requiring high 

specific activity (high activity per unit mass). Achieving high specific activity with nuclear 

reactors is hard but would be possible by the combination of Cr-based MOFs and hot atom 

approaches (Szilard-Chalmers effect) [29]. In order to realize the application of MIL-101 (Cr) 

in a highly radioactive environment, the effects of gamma radiation on its structural evolution 

need to be explored. At the same time, it is very interesting to determine the influence of 

organic linkers and metal clusters on the radiation stability of MOFs in a more systematic 

fashion allowing rational choice of a MOF according to its application. Therefore, MIL-100 

(Fe), MIL-100 (Cr) and aluminum fumarate MOFs (AlFu MOFs) have been studied and 

compared. The structure of these MOFs and corresponding organic linkers are shown in 

Figure 5.1. All MOFs in this study have been irradiated by gamma-ray from 0 Gy to 5 MGy 

and their structural changes were monitored by XRD, SEM, FT-IR and nitrogen adsorption. 

 

Fig. 5.1. Illustration of the structure and corresponding organic linkers of (a) MIL-100 (Fe), 

(b) MIL-100 (Cr), (c) MIL-101 (Cr) and AlFu MOFs. Iron, chromium, aluminum, carbon 

and oxygen atoms are denoted in orange, green, blue, grey and red colors, respectively. 
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5.2  Experimental sections 

5.2.1 Synthesis and Characterization 

MIL-100 (Cr), MIL-100 (Fe), MIL-101 (Cr) and aluminum fumarate (AlFu) MOFs were 

synthesized according to previous literature [30-33]. The details of the synthesis are shown 

in the supporting information. 

Powder X-ray diffraction patterns of the synthesized MOFs were obtained by a PANalytical 

X’Pert Pro pw3040/60 diffractometer with Cu Kα radiation operating at 45 kV and 40 mA. 

Brunauer-Emmett-Teller (BET) surface area of the samples was collected on a Micromeritics 

Tristar II at 77 K and all samples were pretreated at 200 °C for 15 h before measurement. 

Fourier transform infrared spectra (FTIR) of powder samples was directly measured by a 

PerkinElmer Spotlight 400 FT-IR spectrometer with a range of 650~2500 cm-1. The 

morphology and particle size of the samples were determined by scanning electron 

microscopy (SEM, JEOL, JSM-IT100). X-ray photoelectron spectra (XPS) was collected 

using a ThermoFisher Al K-alpha apparatus and scans were performed by a 400 µm spot size 

with an energy step size of 0.2 eV. The thermal stability of four MOFs was investigated by 

Thermogravimetric analysis (TGA) using a Mettler-Toledo/STDA 851e apparatus with a 

heating rate of 5 °C/min. 

5.2.2 Gamma irradiation   

The gamma source (GC220) is an irradiation cell using the radionuclide 60Co (as shown in 

Figure S5.1), which was used to study the effects of gamma irradiation on the selected MOFs. 

The cobalt-60 (1.17, 1.33 MeV) source has a half-life of 5.272 years. ~0.2 g of powder of 

each sample was packed in Posthumus plastic capsules in air and irradiated for different times 

to achieve different doses. The gamma dose was calculated according to the following 

equation: 

D=∫ �̇�
�̇�

0
(t)dt=D0∫ 𝑒−λt𝑇

0
dt=

�̇�

λ
 (1-e-λT) 

Where D and �̇� are dose and dose rate respectively. The initial dose rate was 0.65 kGy/h and 

λ (3.6×10-4 d-1) is the decay constant of 60Co. The radiation time (T) was 32.8 days (0.5 MGy), 

66 days (1.0 MGy), 99 days (1.5 MGy), 133 days (2.0 MGy), 199 days (3.0 MGy), 269 days 

(4.0 MGy) and 340.5 days (5.0 MGy), respectively.  
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5.3  Results 

To evaluate the radiation stability, the structure changes or the loss of crystallinity of the 

synthesized MOFs were monitored through XRD, SEM, FT-IR and nitrogen adsorption after 

exposure to a cobalt-60 source at different doses of gamma radiation. Figure 5.2 shows the 

XRD patterns of MIL-100 (Fe), MIL-100 (Cr), MIL-101 (Cr) and AlFu MOFs before and 

after the irradiation at different gamma radiation doses. Their diffraction peaks are consistent 

with the simulated patterns for each material. After exposure to different gamma radiation 

doses, the diffraction peaks of MIL-100 (Fe) (Figure 5.2 (a)), MIL-100 (Cr) (Figure 5.2 (b)) 

and MIL-101 (Cr) (Figure 5.2 (c)) maintained the same diffraction patterns. The full-width 

half-maximum (FWHM) of the most intense peak in XRD patterns was analyzed and shown 

in Figure S5.2. There is a small variation in the values of FWHM for MIL-100 (Fe) and MIL-

100 (Cr). The values of FWHM for MIL-101 (Cr) increased slightly at relatively low 

radiation dose (from 0 to 4 MGy) and the value increased significantly (22%) when exposed 

to 5 MGy, showing severe loss of crystallinity. The diffraction peaks of AlFu MOF became 

broader as the gamma dose increased (Figure 5.2 (d)). When the gamma radiation dose was 

lower than 1 MGy, the FWHM of AlFu MOF remained stable. The value of FWHM increased 

from 0.4 to 0.51 after receiving 2 MGy of gamma irradiation, resulting in broader diffraction 

peaks. 

The surface area of the four materials was determined by N2 adsorption at 77 K. Figure 5.3 

(a) shows the N2 adsorption-desorption isotherms of MIL-100 (Fe) after exposure to the 

different gamma doses. MIL-100 (Fe) possessed type Ⅰ adsorption isotherm and had a surface 

area of 1574 m2/g. After exposure of 1 and 2 MGy, its surface area was 1527 and 1528 m2/g 

(having a 3% drop), respectively. When MIL-100 (Fe) was exposed to higher irradiation 

doses (between 3 and 5 MGy) its surface area decreased to 1513 m2/g, 1498 m2/g and 1507 

m2/g (as shown in Table S5.1). The SEM images in Figure S5.3 show that MIL-100 (Fe) 

exhibited a rod-like shape with inhomogeneous size. There were no detectable changes 

observed to the particle morphology and size after the different radiation exposures. The FT-

IR spectrum of MIL-100 (Fe) can be found in Figure S5.4. The spectrum displays two peaks 

at 1625 cm-1 and 1382 cm-1 that are attributed to asymmetric and symmetric vibrations of 

carboxyl groups [34], respectively. The peak at around 1445 cm-1 is assigned to stretching 
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vibrations of the O-C-O group [35]. No obvious changes can be observed in the FT-IR spectra, 

which is consistent with the XRD analysis.  

 

Fig. 5.2. XRD patterns of (a) MIL-100 (Fe), (b) MIL-100 (Cr), (c) MIL-101 (Cr) and (d) 

FuAl MOFs exposed to different gamma doses. 

Figure 5.3 (b) shows the N2 adsorption isotherms of MIL-100 (Cr) after different gamma 

irradiation doses. The BET surface area of MIL-100 (Cr) calculated from nitrogen adsorption 

isotherm was 1862 m2/g before gamma irradiation. The shape of the adsorption isotherms 

was the same as that of fresh MIL-100 (Cr), but they were found to decrease gradually in 

adsorption capacity. Correspondingly, their surface area decreased by 3.2% (1802 m2/g), 6.3% 

(1744 m2/g,) 10.8% (1660 m2/g), 14.1% (1600 m2/g) and 18.9% (1510 m2/g) after receiving 

gamma doses of 1 MGy, 2 MGy, 3 MGy, 4 MGy and 5 MGy, respectively, where there was 

an approximately 4% decrease in surface area for each gamma dose. SEM images (Figure 

S5.5) showed that the morphology of MIL-100 (Cr) was unchanged. But the crystal size 

decreased a little after high gamma radiation exposure (4 MGy and 5 MGy). The FT-IR 

spectrum of MIL-100 (Cr) was measured (as shown in Figure S5.6) and no obvious changes 

could be observed with gamma radiation up to 5 MGy. 
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Fig. 5.3. N2 adsorption isotherms of (a) MIL-100 (Fe), (b) MIL-100 (Cr), (c) MIL-101 (Cr) 

and (d) FuAl MOFs exposed to different gamma doses. 

Nitrogen adsorption isotherms of MIL-101 (Cr) after exposure to the different gamma doses 

are shown in Figure 5.3 (c). The BET surface area of the fresh sample was 2203 m2/g. After 

receiving gamma doses of 1 MGy, 2 MGy, 3 MGy and 4 MGy, the BET surface area of MIL-

101 (Cr) decreased from 2203 m2/g to 2159 m2/g, 2101 m2/g, 2072 m2/g and 2099 m2/g, 

respectively (Table S5.1). The BET surface area of MIL-101 (Cr) was reduced by only 4.7 % 

when exposed to a gamma dose of 4 MGy. When the gamma dose reached 5 MGy, MIL-101 

(Cr) decreased by 20.0% in surface area (1762 m2/g). Its micropore volume decreased from 

1.0715 cm3/g to 0.7508 cm3/g (30% reduction, as shown in Table S5.2). Additionally, the 

microstructure and morphology of MIL-101 (Cr) particles were examined by SEM, as shown 

in Figure S5.7. The images show that the MIL-101 (Cr) particles are irregular spheres with a 

relatively uniform distribution. The morphology and size of the particles did not show any 

obvious changes after exposure to different gamma doses.  

Figure 5.3 (d) shows the N2 adsorption isotherms of AlFu MOFs. The surface area of AlFu 

MOFs at 2 MGy had a significant decrease (63 m2/g) when compared to the original surface 

area of 1070 m2/g. SEM images in Figure S5.9 showed that the morphology of MIL-100 (Cr) 
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was unchanged. The damage to the structure of AlFu MOFs was further confirmed by FT-IR 

spectra (see Figure S5.10). The C=C vibrations at 1600 cm-1 and O-H bending vibrations of 

the aluminum clusters at 998 cm-1 could not be observed after 1 MGy radiation [36, 37].  

 

Fig. 5.4. 3D representations of the four MOFs (a) surface area and (b) micropore volume as 

function of the gamma radiation dose. Red lines represent the observed trend with 

increasing gamma dose. 

5.4  Discussion 

The radiation stabilities of four MOFs were explored by determining their most important 

characteristics (e.g. crystallinity). The small fluctuation value of FWHM and the lack of 

significant reduction in BET surface area (Figure 5.4a) after receiving gamma radiation of 5 

MGy indicate that MIL-100 (Fe) has excellent radiation stability towards gamma radiation. 

After exposure to a gamma radiation dose of 5MGy, the XRD pattern and FWHM of MIL-

100 (Cr) did not have obvious changes, suggesting that it kept good crystallinity. Although a 

small decrease in surface area and micropore volume (Figure 5.4b) could be observed with 

increasing gamma doses, MIL-100 (Cr) showed tenacious resistance to gamma irradiation, 

exhibiting as good radiation stability as MIL-100 (Fe). The TGA curves also demonstrated 

that they still kept good thermal stability after receiving 5 MGy of gamma irradiation (see in 

Figure S5.11). Furthermore, MIL-101 (Cr) showed the same performance as MIL-100 (Cr) 

when it was irradiated by gamma rays at doses of 1, 2, 3, and 4 MGy. Its surface area and 

micropore volume had a slight decrease, but it also demonstrated that this MOF is highly 

resistant up to 4 MGy of a gamma dose. Subsequently, its surface area decreased significantly 
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(20%) and the FWHM value also increased visibly, suggesting that the structure of MIL-101 

(Cr) started decomposing at a gamma dose of 5 MGy, causing lower decomposing 

temperature (see the Figure S5.11 (c)). In addition, the crystallinity of AlFu MOF began to 

degenerate after receiving 1 MGy of gamma radiation and its pore structure characteristics 

completely disappeared at a gamma dose of 2 MGy, exhibiting much lower radiation stability, 

which could also be proved by the TGA curve (Figure S5.11 (d)). Why the different MOFs 

react differently when exposed to gamma radiation is not clear but there seem to be certain 

clues that can explain why one material is more stable than another. 

Three main processes rule the interaction of gamma-ray with matter, namely the photoelectric 

effect, the Compton effect, and the pair production. The probability of these interactions 

strongly depends on the atomic number (Z) and the energy of gamma-ray [38]. The Compton 

effect is expected to be the most dominant based on the gamma energy (Eγ=1.17, 1.33 MeV) 

and the Z of the elements comprising the MOFs. The Compton process consists in a partial 

transfer of energy to an electron in the MOF resulting in the energy loss of the gamma 

radiation, which can then further interact with other electrons, accompanied by the second 

Compton effect or photoelectric effect, and thus generating recoil electrons (Figure 5.5 (a)). 

Some of the Compton electrons could travel to air without collision and the other electrons 

can collide with the orbital electrons of surrounding atoms in the MOFs by incoherent 

scattering, causing ionizations or excitations (Figure 5.5 (b)). Finally, the energy of the 

excited atoms can be dissipated through the emission of fluorescence or Auger electrons, and, 

in the last instance, through vibration (heat dissipation).  

As discussed above, the structure of the MOF seems to affect its stability towards radiation. 

First, the mass-energy absorption coefficient is an effective index to measure the average 

fraction of photon energy absorbed by materials. Metal clusters of MOFs in this research 

consist of metal and oxygen atoms, which have a much higher total attenuation coefficient 

than organic linkers, suggesting that metal clusters can act as radiation antennas. As shown 

in Table 5.1, Al metal atom had the lowest photon cross-section, but AlFu MOF had the 

worse radiation stability compared with the other three MOFs, which could be attributed to 

the lack of aromaticity of the organic linkers. The aromatic linkers can promote delocalization 

and migration of excitations based on high energy delocalization [39, 40]. Therefore, the 

aromaticity of the linker has a significant impact on the radiation stability of MOFs under 

gamma-ray environment. Second, MIL-100 (Fe) and MIL-100 (Cr), which have the same 
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linker and crystal structure, showed good irradiation stability. The surface area of MIL-100 

(Cr) reduced a little bit more (16%), although Cr has a lower photon cross-section. The larger 

FWHM value of MIL-100 (Cr) indicated that it had a worse crystallinity compared with MIL-

100 (Fe). The formed defects could be not beneficial for the energy transfer and dissipation 

[41], resulting in low tolerance ability for gamma radiation, which could be the reason for 

the better stability of MIL-100 (Fe).  

 

Fig. 5.5. Schematic illustration (a) of interactions between MIL-101 (Cr) with gamma-rays 

(b) interaction of traveled electrons with atoms in the framework of MOFs. 

Table 5.1. Total photon cross sections (barns) of different metals, 1 barn = 10-24 cm2 

Metal Energy (MeV) Total Attenuation (barns/atom) 

Al 
1.17 2.55 

1.33 2.39 

Cr 
1.17 4.74 

1.33 4.44 

Fe 
1.17 5.51 

1.33 4.82 

C 
1.17 1.17 

1.33 1.09 

O 
1.17 1.56 

1.33 1.46 

H 
1.17 0.19 

1.33 0.18 
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Figure 5.6 shows the XPS spectra of MIL-100 (Cr) before and after a gamma radiation dose 

of 5 MGy. It can be seen that the sample contains Cr, O and C elements according to the XPS 

survey (Figure 5.6a). The Cr 2p spectrum is shown in Figure 5.6 (b) and two peaks at 577.6 

eV and 587.2 eV are ascribed to Cr 2p3/2 and Cr 2p1/2, respectively [42]. The binding energy 

shifts cannot be observed suggesting that the metal clusters in MIL-100 (Cr) maintain 

integrity after exposure to a gamma dose of 5 MGy. The C 1s XPS (Figure 5.6 (c)) spectrum 

of MIL-100 (Cr) before irradiation could be deconvoluted into four peaks at binding energies 

of 284.8 eV, 286.2 eV, 288.5 eV and 290.6 eV, which were attributed to C-C/C-H, C-O, C=O 

and O-C=O/π-π, respectively [43]. The peaks ascribed to O-C=O/π-π and C-O positively shift 

to the binding energy of 291.6 eV and 286.3 eV, implying the decrease of electron density of 

the carboxyl groups [44]. The O1s spectrum of MIL-100 (Cr) (Figure 5.6 (d)) could be 

deconvoluted into three peaks at 531.9 eV, 534.2 eV and 536.1 eV, which were ascribed to 

Cr-O-Cr, Cr-O-C and O-C=O, respectively [45]. After gamma irradiation, the two peaks of 

Cr-O-C and O-C=O shift to higher binding energies by 0.2 and 0.1 eV, which were attributed 

to decreased electron density of the junction of metal clusters and organic linkers, indicating 

that the bonds between Cr-O clusters and the carboxylate of H3BTC linkers could be partly 

broken during irradiation, resulting in the formation of defects. Third, MIL-100 (Cr) and 

MIL-101 (Cr), which have the same metal clusters but different connecting linkers, had good 

radiation stability under gamma radiation of 4 MGy. However, MIL-101 (Cr) started to 

decompose with increasing gamma dose, which is related to the linker connectivity. Since 

each linker in MIL-100 (Cr) is connected with three metal clusters and the structure can still 

be kept when one or two connection sites are broken, causing this material to exhibit better 

stability. Another possible explanation could be that the metal nodes concentration per 

volume unit of MIL-100 (Cr) is slightly higher than that of MIL-101 (Cr), indicating that 

closer metallic atoms might attenuate more the generated electrons, which is instrumental in 

stabilizing the structure of MOFs.  

To better understand the relationship between structural characteristics and radiation stability 

of the MOFs, more systematic experiments need to be carried out to explore other possible 

factors that determine the stability of MOFs. In addition, more studies should be carried out 

to determine the maximum radiation dose that the MOFs can tolerate without loss of their 

characteristic properties. 
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Fig. 5.6. XPS spectra of MIL-100 (Cr) before and after (5 MGy) gamma irradiation; (a) 

XPS survey, (b) Cr 2p, (c) C 1s and (d) O 1s 

5.5  Conclusion  

In conclusion, MIL-100 (Fe), MIL-100 (Cr), MIL-101 (Cr) and AlFu MOFs were prepared 

and irradiated using gamma rays at doses ranging from 0 Gy to 5 MGy. The structure of all 

materials was characterized by XRD, BET, SEM and FT-IR. The MIL-100 (Fe) and MIL-

100 (Cr) presented outstanding stability when exposed to radiation of high doses (5 MGy). 

MIL-101 (Cr) exhibited good radiation stability when the material was subjected to gamma 

doses within a range of 0~4 MGy. A sudden decrease in the surface area demonstrated that 

MIL-101 (Cr) started to be damaged with increasing gamma dose. Meanwhile, the XRD 

results of AlFu MOF proved that the crystallinity of AlFu MOFs suffered a severe loss after 

receiving 1 MGy gamma dose. The BET and FI-IR results indicated that the structure of AlFu 

MOFs collapsed after exposure to high radiation dose. According to the structural analysis, 

the linker aromaticity plays an important role in the radiation stability of the MOFs. 

Additionally, high linker connectivity and good crystallinity of MOFs can also strengthen 

their radiation stability. To fully examine the potential of MOFs in nuclear applications their 
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resistance to even higher doses should be assessed in the future. 

 

References 

[1] H.C. zur Loye, T. Besmann, Amoroso, K. Brinkman, A. Grandjean, C. H. Henager, S. 

Hu, S. T. Misture, S. R. Phillpot, N. B. Shustova, H. Wang, R. J. Koch, G. Morrison, E. 

Dolgopolova, Hierarchical Materials as Tailored Nuclear Waste Forms: A Perspective. Chem. 

Mater. 30 (14) (2018) 4475-4488. 

[2] S. Qaim, Nuclear data for production and medical application of radionuclides: Present 

status and future needs. Nucl. Med.Biol. 44 (2017) 31-49. 

[3] S. Rojas, P. Horcajada, Metal-Organic Frameworks for the Removal of Emerging Organic 

Contaminants in Water. Chem. Rev. 120 (16) (2020) 8378-8415. 

[4] Y. Bai, Y. Dou, L. H. Xie, W. Rutledge, J. R. Li, H. C. Zhou, Zr-based metal-organic 

frameworks: design, synthesis, structure, and applications. Chem. Soc. Rev. 45 (8) (2016) 

2327-67. 

[5] S. Yuan, L. Feng, K. Wang, J. Pang, M. Bosch, C. Lollar, Y. Sun, J. Qin, X. Yang, P. 

Zhang, Q. Wang, L. Zou, Y. Zhang, L. Zhang, Y. Fang, J. Li, H. C. Zhou, Stable Metal-

Organic Frameworks: Design, Synthesis, and Applications. Adv. Mater. 30 (37) (2018) 

e1704303. 

[6] H. C. Zhou, J. R. Long, O. M. Yaghi, Introduction to metal-organic frameworks. Chem. 

Rev. 112 (2) (2012) 673-4. 

[7] S. J. Lee, T. U. Yoon, A. R. Kim, S. Y. Kim, K. H. Cho, Y. K. Hwang, J. W. Yeon, Y. S. 

Bae, Adsorptive separation of xenon/krypton mixtures using a zirconium-based metal-

organic framework with high hydrothermal and radioactive stabilities. J. Hazard Mater. 320 

(2016) 513-520. 

[8] D. Banerjee, C. M. Simon, A. M. Plonka, R. K. Motkuri, J. Liu, X. Chen, B. Smit, J. B. 

Parise, M. Haranczyk, P. K. Thallapally, Metal-organic framework with optimally selective 

xenon adsorption and separation. Nat. Commun. 7 (1) (2016) 11831. 

[9] H. Xu, C. S. Cao, H. S. Hu, S. B. Wang, J. C. Liu, P. Cheng, N. Kaltsoyannis, J. Li, B. 

Zhao, High Uptake of ReO4 (-) and CO2 Conversion by a Radiation-Resistant Thorium-



Effects of high gamma doses on the structural stability of metal-organic frameworks 

 

 

125 

Nickle [Th48Ni6] Nanocage-Based Metal-Organic Framework. Angew. Chem. Int. Ed. 58 (18) 

(2019) 6022-6027. 

[10] S. C. Nandanwar, K. Coldsnow, V. Utgikar, P. Sabharwall, D. E. Aston, Capture of 

harmful radioactive contaminants from off-gas stream using porous solid sorbents for clean 

environment-A review. Chem. Eng. J. 306 (2016) 369-381.  

[11] J. Liu, P. K. Thallapally, D. Strachan, Metal–Organic Frameworks for Removal of Xe 

and Kr from Nuclear Fuel Reprocessing Plants. Langmuir 28 (31) (2012) 11584-11589. 

[12] Q. Sun, B. Aguila, J. Perman, A. S. Ivanov, V. S. Bryantsev, L. D. Earl, C. W. Abney, 

L. Wojtas, S. Ma, Bio-inspired nano-traps for uranium extraction from seawater and recovery 

from nuclear waste. Nat. Commun. 9 (1) (2018) 1644. 

[13] L. Chen, Z. Bai, L. Zhu, L. Zhang, Y. Cai, Y. Li, W. Liu, Y. Wang, L. Chen, J. Diwu, J. 

Wang, Z. Chai, S. Wang, Ultrafast and Efficient Extraction of Uranium from Seawater Using 

an Amidoxime Appended Metal-Organic Framework. ACS Appl. Mater. Interfaces, 9 (38) 

(2017) 32446-32451. 

[14] Q. Gao, J. Xu, X. H. Bu, Recent advances about metal–organic frameworks in the 

removal of pollutants from wastewater. Coord. Chem. Rev. 378 (2019) 17-31. 

[15] J. Li, X. Wang, G. Zhao, C. Chen, Z. Chai, A. Alsaedi, T. Hayat, X. Wang, Metal-

organic framework-based materials: superior adsorbents for the capture of toxic and 

radioactive metal ions. Chem. Soc. Rev. 47 (7) (2018) 2322-2356. 

[16] Y. Peng, H. Huang, D. Liu, C. Zhong, Radioactive Barium Ion Trap Based on Metal-

Organic Framework for Efficient and Irreversible Removal of Barium from Nuclear 

Wastewater. ACS Appl. Mater. Interfaces, 8 (13) (2016) 8527-35. 

[17] N. Zhang, L. Y. Yuan, W. L. Guo, S. Z. Luo, Z. F. Chai, W. Q. Shi, Extending the Use 

of Highly Porous and Functionalized MOFs to Th(IV) Capture. ACS Appl. Mater. Interfaces, 

9 (30) (2017) 25216-25224. 

[18] Z. Q. Bai, L. Y. Yuan, L. Zhu, Z. R. Liu, S. Q. Chu, L. R. Zheng, J. Zhang, Z. F. Chai, 

W. Q. Shi, Introduction of amino groups into acid-resistant MOFs for enhanced U(VI) 

sorption. J. Mater. Chem. A 3 (2) (2015) 525-534. 

[19] B. Li, X. Dong, H. Wang, D. Ma, K. Tan, S. Jensen, B. J. Deibert, J. Butler, J. Cure, Z. 

Shi, T. Thonhauser, Y. J. Chabal, Y. Han, J. Li, Capture of organic iodides from nuclear 

waste by metal-organic framework-based molecular traps. Nat. Commun. 8 (1) (2017) 485. 



Chapter 5 

 

 

 

126 

[20] M. Zha, J. Liu, Y. L. Wong, Z. Xu, Extraction of palladium from nuclear waste-like 

acidic solutions by a metal–organic framework with sulfur and alkene functions. J. Mater. 

Chem. A 3 (7) (2015) 3928-3934. 

[21] S. K. Elsaidi, M. H. Mohamed, A. S. Helal, M. Galanek, T. Pham, S. Suepaul, B. Space, 

D. Hopkinson, P. K. Thallapally, J. Li, Radiation-resistant metal-organic framework enables 

efficient separation of krypton fission gas from spent nuclear fuel. Nat. Commun. 11 (1) 

(2020) 3103. 

[22] C. Volkringer, C. Falaise, P. Devaux, R. Giovine, V. Stevenson, F. Pourpoint, O. Lafon, 

M. Osmond, C. Jeanjacques, B. Marcillaud, J. C. Sabroux, T. Loiseau, Stability of metal-

organic frameworks under gamma irradiation. Chem. Commun. 52 (84) (2016) 12502-12505. 

[23] E. A. Gendy, D. T. Oyekunle, J. Ali, J. Ifthikar, A. M. Ramadan, Z. Chen, High-

performance removal of radionuclides by porous organic frameworks from the aquatic 

environment: A review. J. Environ. Radioact. 238 (2021) 106710. 

[24] K. Vellingiri, K. H. Kim, A. Pournara, A. Deep, Towards high-efficiency sorptive 

capture of radionuclides in solution and gas. Prog. Mater. Sci. 2018, 94 (2018) 1-67. 

[25] C. Ma, A. Vasileiadis, H. T. Wolterbeek, A. G. Denkova, P. Serra Crespo, Adsorption 

of molybdenum on Zr-based MOFs for potential application in the 99Mo/99mTc generator. 

Appl. Surf. Sci. 572 (2022) 151340. 

[26] S. E. Gilson, M. Fairley, P. Julien, A. G. Oliver, S. L. Hanna, G. Arntz, O. K. Farha, J. 

A. LaVerne, P. C. Burns, Unprecedented Radiation Resistant Thorium-Binaphthol Metal-

Organic Framework. J. Am. Chem. Soc. 142 (31) (2020) 13299-13304. 

[27] S. L. Hanna, D. X. Rademacher, D. J. Hanson, T. Islamoglu, A. K. Olszewski, T. M. 

Nenoff, O. K. Farha, Structural Features of Zirconium-Based Metal–Organic Frameworks 

Affecting Radiolytic Stability. Ind. Eng. Chem. Res. 59 (16) (2020) 7520-7526. 

[28] B. Aguila, D. Banerjee, Z. Nie, Y. Shin, S. Ma, P. K. Thallapally, Selective removal of 

cesium and strontium using porous frameworks from high level nuclear waste. Chem. 

Commun. 52 (35) (2016) 5940-2. 

[29] K. Vimalnath, A. Rajeswari, S. Chakraborty, A. Dash, Large scale production of 51Cr 

for medical application in a medium flux research reactor: A comparative investigation of 

Szilard–Chalmers process and direct (n, γ) route. Appl. Radiat. Isot. 91 (2014) 104-108. 



Effects of high gamma doses on the structural stability of metal-organic frameworks 

 

 

127 

[30] Y. Mao, H. Qi, G. Ye, L. Han, W. Zhou, W. Xu, Y. Y. Sun, Green and time-saving 

synthesis of MIL-100(Cr) and its catalytic performance. Microporous Mesoporous Mater. 

274 (2019) 70-75. 

[31] Y. K. Seo, J. W. Yoon, J. S. Lee, U. H. Lee, Y. K. Hwang, C. H. Jun, P. Horcajada, C. 

Serre, J. S. Chang, Large scale fluorine-free synthesis of hierarchically porous iron(III) 

trimesate MIL-100(Fe) with a zeolite MTN topology. Microporous Mesoporous Mater. 157 

(2012) 137-145. 

[32] T. Zhao, F. Jeremias, I.  Boldog, B. Nguyen, S. K. Henninger, C. Janiak, High-yield, 

fluoride-free and large-scale synthesis of MIL-101(Cr). Dalton Trans. 44 (38) (2015) 16791-

16801. 

[33] Y. Wang, Q. T. Qu, G. Liu, V. S. Battaglia, H. H. Zheng, Aluminum fumarate-based 

metal organic frameworks with tremella-like structure as ultrafast and stable anode for 

lithium-ion batteries. Nano Energy, 39 (2017) 200-210. 

[34] S. Li, J. Cui, X. Wu, X. Zhang, Q. Hu, X. Hou, Rapid in situ microwave synthesis of 

Fe3O4@MIL-100(Fe) for aqueous diclofenac sodium removal through integrated adsorption 

and photodegradation. J Hazard Mater. 373 (2019) 408-416. 

[35] P. Horcajada, C. Serre, M. Vallet-Regí, M. Sebban, F. Taulelle, G. J. Férey, Metal-

organic frameworks as efficient materials for drug delivery. 118 (36) (2006) 6120-6124. 

[36] S. Karmakar, J. Dechnik, C. Janiak, S. De, Aluminium fumarate metal-organic 

framework: A super adsorbent for fluoride from water. J Hazard Mater. 303 (2016) 10-20. 

[37] R. Azhdari, S. M. Mousavi, S. A. Hashemi, S. Bahrani, S. Ramakrishna, Decorated 

graphene with aluminum fumarate metal organic framework as a superior non-toxic agent 

for efficient removal of Congo Red dye from wastewater. J. Environ. Chem. Eng. 7 (6) (2019) 

103437. 

[38] S. R. Cherry, J. A. Sorenson, M. E. Phelps, Physics in nuclear medicine e-Book. Elsevier 

Health Sciences: 2012, chapter 6, pp 74-84. 

[39] S. B. Dhiman, G. S. Goff, W. Runde, J. A. LaVerne, Gamma and heavy ion radiolysis 

of ionic liquids: A comparative study. J.  Nucl. Mater. 453 (1-3) (2014) 182-187. 

[40] C. Wang, O. Volotskova, K. Lu, M. Ahmad, C. Sun, L. Xing, W. Lin, Synergistic 

assembly of heavy metal clusters and luminescent organic bridging ligands in metal-organic 

frameworks for highly efficient X-ray scintillation. J. Am. Chem. Soc.136 (17) (2014) 6171-

6174. 



Chapter 5 

 

 

 

128 

[41] S. Dissegna, K. Epp, W. R. Heinz, G. Kieslich, R. A. Fischer, Defective Metal-Organic 

Frameworks. Adv. Mater. 30 (37) (2018) e1704501. 

[42] D. Wang, Y. Ke, D. Guo, H. Guo, J. Chen, W. Weng, Facile fabrication of cauliflower-

like MIL-100 (Cr) and its simultaneous determination of Cd2+, Pb2+, Cu2+ and Hg2+ from 

aqueous solution. Sens. Actuators B: Chem. 216 (2015) 504-510. 

[43] X. Ma, W. Wang, C. Sun, H. Li, J. Sun, X. Liu, Adsorption performance and kinetic 

study of hierarchical porous Fe-based MOFs for toluene removal. Sci. Total Environ. 793 

(2021) 148622. 

[44] B. Han, Z. Duan, J. Xu, Y. Zhu, Q. Xu, H. Wang, H. Tai, J. Weng, Y. Zhao, The art of 

integrated functionalization: super stable black phosphorus achieved through metal‐organic 

framework coating. Adv. Funct. Mater. 30(27) (2020) 2002232.  

[45] Z. Li, X. Liu, W. Jin, Q. Hu, Y. Zhao, Adsorption behavior of arsenicals on MIL-101 

(Fe): the role of arsenic chemical structures. J. Colloid Interface sci. 554 (2019) 692-704. 

  



Effects of high gamma doses on the structural stability of metal-organic frameworks 

 

 

129 

Supporting Information  

S 1. Synthesis 

1.1 Material 

1,3,5-benzenetricarboxylic acid (H3BTC, 95%), 1,4-benzene dicarboxylic acid (H2BDC, 

98%) and sodium hydroxide (NaOH, ≥ 98%) were purchased from Sigma-Aldrich. 

Chromium chloride hexahydrate (CrCl3∙6H2O, ≥ 96%), chromium nitrate nonahydrate 

(Cr(NO3)3∙9H2O,  ≥ 98%), fumaric acid (>98%) and aluminum sulfate octahydrate 

(Al2(SO4)3∙18H2O, 98%) were provided by Merck. Ferric nitrate nonahydrate 

(Fe(NO3)3∙9H2O, ≥99%) was provided by Fluka. All chemical reagents were used without 

any purification.  

1.2 Synthesis of MIL-100 (Cr) 

1.05 g of CrCl3∙6H2O and 0.42 g H3BTC were mixed in a mortar and grounded using hand 

for 1 h at room temperature. Then the powder was transferred to a Teflon lined-autoclave and 

heated at 220 °C for 15 h in an electric oven. The obtained powder was washed with deionized 

water at 70 °C and ethanol at 60 °C for 3 h, respectively. The final collected product was 

dried at 150 °C for 12 h under vacuum.  

1.3 Synthesis of MIL-101 (Cr)  

Typically, 1.6 g of Cr(NO3)3∙9H2O and 664 mg of H2BDC were added into 19.2 ml of 

deionized water. Then 0.177 ml of HNO3 was added to the mixture, which was further 

sonicated to obtain a homogeneous solution. Finally, the solution was transferred to a Teflon 

lined-autoclave and heated at 220 °C for 8 h. To remove the unreacted reagents, the obtained 

precipitation was washed with DMF at 65 °C for 2 h and EtOH at 80 °C for 24 h. Then the 

powder was washed with hot water at 80 °C for 5 h and finally dried at 120 °C overnight.  

1.4 Synthesis of MIL-100 (Fe) 

3.03 g of Fe(NO3)3∙9H2O and 1050.7 mg of H3BTC were mixed and grounded by hand for 

half an hour. The mixture was transferred to a Teflon lined-autoclave and heated at 160 °C 

for 4 h. The collected product was washed with deionized water and ethanol for three times, 

respectively. The final sample was dried at 150 °C for 12 h under vacuum. 
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1.5 Synthesis of AlFu MOF 

Aluminum fumarate MOF was synthesized using the hydrothermal method. 14.728 g of 

Al2(SO4)3∙18H2O was dissolved in 70 ml of deionized water and the solution was heated at 

60 °C for one hour. Another solution containing NaOH (5.32 g) and fumaric acid (5.104 g) 

was added to 70 ml of water and heated under 60 °C for one hour, which was then pumped 

into the above solution within 15 min. The suspension was kept at 60 °C for 30 min. the final 

product was washed with deionized water and ethanol three times, respectively. The sample 

was dried at 80 °C for 12 h. 

 

Figure S5.1. The facility of Cobalt-60 sources. 
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Figure S5.2. Fluctuations of full width at half maxima (FWHM) for all MOFs under 

different gamma doses. 

 

Figure S5.3. SEM images of MIL-100 (Fe) under different gamma doses: (a) 0 Gy, (b) 1.0 

MGy, (c) 2.0 MGy, (d) 3.0 MGy, (e) 4.0 MGy and (f) 5.0MGy. 
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Figure S5.4. FT-IR spectra of MIL-100 (Fe) under different gamma doses. 

 

Figure S5.5. SEM images of MIL-100 (Cr) under different gamma doses: (a) 0 Gy, (b) 1.0 

MGy, (c) 2.0 MGy, (d) 3.0 MGy, (e) 4.0 MGy and (f) 5.0MGy. 
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Figure S5.6. FT-IR spectra of MIL-100 (Cr) under different gamma doses. 

 

Figure S5.7. SEM images of MIL-101 (Cr) under different gamma doses: (a) 0 Gy, (b) 1.0 

MGy, (c) 2.0 MGy, (d) 3.0 MGy, (e) 4.0 MGy and (f) 5.0MGy. 
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Figure S5.8. FT-IR spectra of MIL-101 (Cr) under different gamma doses.  

 

Figure S5.9. SEM images of AlFu MOFs under different gamma doses: (a) 0 Gy, (b) 0.5 

MGy, (c) 1.0 MGy, (d) 1.5 MGy and (e) 2 MGy. 
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Figure S5.10. FT-IR spectra of AlFu MOFs under different gamma doses. 

 

Figure S5.11. The TGA curves of (a) MIL-100 (Fe), (b) MIL-100 (Cr), (c) MIL-101 (Cr) 

and (d) AlFu MOFs before and after gamma radiation (5 MGy)
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Abstract  

Chromium-51 (51Cr) is an attractive radionuclide that is applied for red cells and platelet 

radiolabelling. However, commercially available 51Cr produced in nuclear reactors via 

neutron activation requires long irradiation times and a complex separation method. In this 

work, two chromium-based metal-organic frameworks (MIL-100 (Cr) and MIL-101 (Cr)) 

were synthesized for the production of 51Cr. The chromium-based MOFs were neutron 

activated according to the (n, γ) reaction and the produced 51Cr was separated by solid-liquid 

extraction based on the Szilard-Chalmers effect. HCl and H2SO4 were applied to extract the 

produced 51Cr from irradiated MIL-100 (Cr) and MIL-101 (Cr), as well as aqueous solutions 

containing different concentrations of the chelator ethylenediaminetetraacetic acid (EDTA). 

The influence of extraction time and pH on the 51Cr separation was studied. The results 

showed that enrichment factor between 400 and 700 could be obtained when HCl and H2SO4 

were used as extraction agents. The most promising results were achieved when using 

irradiated MIL-101 (Cr) and EDTA as extractant reaching an enrichment factor of 1132±50.  
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6.1  Introduction 

A wide variety of radionuclides are applied for diagnostic and therapeutic procedures in 

nuclear medicine. Chromium-51 (51Cr) is one attractive radionuclide because of its low 

photon yield (10%). 51Cr decays through a branched decay, i.e., 90% of 51Cr decays directly 

to the ground state of Vanadium-51 via electron capture, while 10% of 51Cr decays to the 

excited state of 51V via electron capture and further to the ground state by emitting gamma-

ray with an energy of 320 keV. 51Cr is widely used to radiolabel red blood cells and platelets 

allowing to assess their life span or to determine the blood volume of patients as well as to 

diagnose gastrointestinal bleeding [1].  

51Cr can be produced by neutron activation in nuclear reactors based on the 50Cr(n, γ)51Cr 

reaction. The specific activity of 51Cr needed for clinical application must be at least 1.85 

TBq/g. In order to produce 51Cr with such high specific activity, expensive enriched 50Cr 

target, high neutron flux and long irradiation are needed. These conditions restrict the 

production of high specific activity 51Cr to a few research reactors. An alternative method to 

produce 51Cr with high specific activity is using the Szilard-Chalmers effect. The Szilard 

Chalmers method is based on the principle that upon the emission of high energy prompt 

gammas when neutron activated, the resulting atom can receive sufficiently high energy to 

break the chemical bonds in the target material so that it can be released from its initial 

chemical structure [2]. Provided that the produced radionuclide can be separated from its 

original chemical structure, radionuclides with high specific activity can be produced via this 

method.  

In the past few decades, 51Cr produced via the Szilard-Chalmers method was mainly obtained 

based on the irradiation of K2CrO4 targets [3-5]. For example, Bag. et al. [6] studied how 51Cr 

could be separated using alumina carrier based on a coprecipitation method at different 

temperatures, showing that a ~72% elution efficiency with an enrichment factor of 180 could 

be achieved. Vimalnath et al [5]. also utilized the same precipitation method to separate the 

produced 51Cr, obtaining high specific activity of 51Cr (5.5 GBq/mg). However, the 

precipitation separation process requires extra experimental steps, which are time-consuming 

and can lead to the introduction of impurities. In this work, we propose a novel material using 

metal-organic frameworks (MOFs), which can facilitate a very simple separation method 

without compromising the quality of the obtained product. 
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MOFs are attractive materials due to their diverse topologies, high porosity and surface area, 

finding various applications [7], including drug delivery [8, 9], separation of radionuclides 

[10, 11] and radioactive gas storage [12, 13]. However, so far, no reports can be found in the 

application of MOFs as target materials for the production of radionuclides. MIL-100 (Cr) 

and MIL-101 (Cr) (MIL is a material of Institute Lavoisier) are trivalent metal carboxylate 

systems, which have high surface area and large pores [14]. They also have excellent thermal, 

chemical, mechanical and radiation stability [15, 16]. Therefore, in this study, they were 

selected as the target materials to produce 51Cr with high specific activity utilizing the Szilard 

Chalmers effect. Different conditions were investigated including extraction time, different 

extractants and pH values.  

6.2  Experimental  

6.2.1 Materials  

Sulfuric acid (H2SO4, 95~97%), Ethylenediaminetetraacetic acid disodium salt dihydrate 

(EDTA-Na2, >99%), 1,3,5-benzenetricarboxylic acid (H3BTC, 95%) and 1,4-benzene 

dicarboxylic acid (H2BDC, 98%) were purchased from Sigma-Aldrich. Hydrochloric acid 

(HCl, 30%), Chromium chloride hexahydrate (CrCl3∙6H2O, ≥96%) and chromium nitrate 

nonahydrate (Cr(NO3)3∙9H2O, ≥98%) were provided by Merck. All chemical reagents were 

used without any purification. 

6.2.2 Synthesis of MIL-100 (Cr) and MIL-101 (Cr) 

The MIL-100 (Cr) was prepared based on the work from Mao et al. [17] Briefly, CrCl3∙6H2O 

(1.05 g) and H3BTC (0.42 g) were well mixed in a mortar and pestled for 1 h at room 

temperature. The homogeneous powder was then moved to a Teflon-lined autoclaved and 

heated at 220 °C for 15 h. The final solid was washed three times using deionized water and 

ethanol and dried at 150 °C for 12 h in vacuum.  

MIL-101 (Cr) was prepared by the hydrothermal method as reported by Seo et al. [18] 

Cr(NO3)3∙9H2O (1.6 g), H2BDC (664 mg) and HNO3 (0.177 mL) were dissolved in 19.2 ml 

of deionized water. The solution was then transferred to a Teflon-lined autoclave and heated 

at 220 °C for 8 h. The resulting precipitates were washed three times with both DFM and 

ethanol. Finally, the obtained powder was dried at overnight 120 °C.  
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6.2.3 Characterization  

The X-ray diffraction patterns (XRD) of the samples were collected by a PANalytical X’Pert 

Pro pw3040/60 diffractometer using Cu Kα radiation (λ=1.541 Å). The thermalgravimetric 

analysis (TGA) of the two MOFs was determined by a Mettler-Toledo/STDA 851e apparatus 

under air environment at a heating rate of 5°C/min. The activity of all chromium solutions 

(320 keV for 51Cr) was measured using a Wallac gamma counter (Wizard 2480, PerkinElmer). 

The total chromium content was measured by inductively coupled plasma optical emission 

spectroscopy (ICP-OES, Optima 4300, Perkin Elmer).  

6.2.4 Neutron irradiation  

The synthesized MIL-100 (Cr) and MIL-101 (Cr) were irradiated for 10 h at the Hoger 

Onderwijs Reactor (HOR) of the Reactor Institute Delft, the Netherlands. The thermal 

neutron flux and epithermal neutron flux of the irradiation facility used were 3.11×1016 

n/(s∙m2) and 7.2×1014 n/(s∙m2), respectively. 5±0.1 mg of MOFs was sealed in Posthumus 

PE (polyethylene) capsules and then packaged in Posthumus Plastic PE rabbits for irradiation. 

All experiments were conducted in triplicate. 

6.2.5 51Cr extraction with EDTA 

The irradiated sample was put into a glass tube containing 10 mL of EDTA (1 mM, pH 5). 

The mixture was shaken for various time intervals (1 h, 3 h, 6 h, 24 h) at room temperature 

and then 5 ml of the solution was transferred to a centrifuge tube and centrifuged for 10 min 

at 4000 rpm. Finally, 3 ml of the supernatant was taken and the counts of 51Cr originating 

from the 321 keV were measured by gamma spectrometry (Wallac Wizard). 

10 ml of EDTA solution having different concentrations (1mM, 100 mM and 250 mM, pH 

5) and different pH values (1, 5 and 8) were used to extract 51Cr at room temperature. After 

shaking for 1 h, 5 ml of the mixture was put in a centrifuge tube followed by 10 min 

centrifugation at 4000 rpm. Finally, 3 ml of the supernatant was transferred to a glass bottle 

and the count of 51Cr originating from the 321 keV was measured by gamma spectrometry 

(Wallac Wizard). 

6.2.6 51Cr extraction with HCl and H2SO4 
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HCl (30%) and H2SO4 (15%) were used for 51Cr extraction from irradiated MIL-100 (Cr) and 

MIL-101 (Cr). The irradiated samples were dispersed in a glass tube containing 10 ml of one 

of the acids. 5 ml of solution was added to a plastic centrifuge tube and shaken for 1 h and 

centrifuged for 10 min at 4000 rpm. Finally, 3 ml of the supernatant was transferred to a glass 

bottle and the counts of 51Cr originating from the 321 keV gamma emission were measured 

by gamma spectrometry (Wallac Wizard). 

6.2.7 Calculation of extraction efficiency and enrichment factor  

The enrichment factor (EF) can be calculated by the following equation: 

EF=ƞ*mo/ms 

Where mo is the chromium mass of the irradiated sample and ms is the chromium mass left 

in the supernatant after extraction. ƞ is the extraction efficiency and it can be determined by 

the following equation: 

ƞ=A1/A0 

Where A0 is the activity of the irradiated sample and A1 is the activity of the extracted sample. 

The specific activity (SA) of extracted 51Cr can be estimated using the formula: 

SA=A/m 

A is the activity of extracted 51Cr and m is the mass of Cr in solution. 

6.3  Results and discussion 

6.3.1 Characterization of MOFs 

The synthesized MIL-100 (Cr) and MIL-101 (Cr) were characterized by XRD, as shown in 

Fig. 6.1 (a). It can be observed that the diffraction peak positions of the synthesized MIL-100 

(Cr) and MIL-101 (Cr) were consistent with the simulated XRD patterns, indicating 

successful synthesis. Fig. 6.1 (b) shows the TGA curves of MIL-100 (Cr) and MIL-101 (Cr). 

The weight loss of adsorbed water moisture appeared from 25 °C to 100 °C. Then, the weight 

loss of two MOFs did not show a significant decrease from 100 °C to 300 °C, showing good 

stability. After 300 °C, the MOFs decomposed quickly, which is due to the combustion of 

the organic linkers, resulting in weight loss of 72.9% and 59.25% for MIL-100 (Cr) and MIL-

101 (Cr), respectively.  
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Fig. 6.1. (a) XRD patterns and their simulated patterns and (b) TGA curves of the 

synthesized MIL-100 (Cr) and MIL-101 (Cr) before irradiation  

6.3.2 51Cr extraction from irradiated MIL-100 (Cr) 

EDTA optimized extraction of MIL-100 (Cr) 

To find the optimized extraction conditions of 51Cr for MIL-100 (Cr) using EDTA, the 

extraction based on the Szilard-Chalmers effect was performed at different extraction times, 

EDTA concentration and pH of the solution. The effect of extraction time on the separation 

efficiency of 51Cr is shown in Fig. 6.2 (a). The extraction efficiency of 51Cr increased from 

22±0.02% to 33±0.02% by increasing the extraction time from 1 h to 24 h. However, the 

enrichment factor (Fig. 6.2 (b)) and SA of 51Cr (Fig. 6.2 (c)) decreased with increasing 

extraction time. The optimum extraction time appears to be one hour, which resulted in an 

enrichment factor of 321. The influence of EDTA concentrations on extraction efficiency 

was also evaluated, as shown in Fig. 6.2 (d). When the EDTA concentration increased from 

1 mM to 100 mM, the extraction efficiency of 51Cr doubled from 22±0.02% to 46±0.05%. 

Further increasing the EDTA concentration to 250 mM did not lead to improvement of the 

yield (45±0.04%). The corresponding enrichment factor of 51Cr was found to be the highest 

at 1 mM EDTA. As EF is another important factor, 1 mM was determined to be the optimum 

EDTA concentration although the extraction efficiency was just 22±0.02%. Furthermore, the 

influence of pH on the separation yield and enrichment factor was investigated, as shown in 

Fig. 6.2 (g). The extraction efficiency of 51Cr decreased from 38±0.08% to 21±0.02% with 

the increasing pH value from 1 to 8. The enrichment factor of 51Cr was also found to be the 

highest at the lower pH value, reaching an enrichment factor of 564±140. Based on the 
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analysis mentioned above, the optimized extraction condition is using EDTA with a 

concentration of 1 mM at pH 1 and extraction time of 1 h. 

 

Fig. 6.2. Extraction efficiency (a), enrichment factor (b) and specific activity (c) of 51Cr for 

MIL-100 (Cr) using EDTA (1 mM, pH=5) as function of extraction time; Extraction 

efficiency (d), enrichment factor (e) and specific activity (f) of 51Cr for MIL-100 (Cr) using 

EDTA (extraction time 1 h, pH=5) as function of the EDTA concentration; Extraction 

efficiency (g), enrichment factor (h) and specific activity (i) of 51Cr for MIL-100 (Cr) using 

EDTA (1 mM, extraction time 1 h) as function of the pH. 

Acid extraction applied to MIL-100 (Cr) 

The influence of using two acids as extractants as well as the extraction time was evaluated 

for the irradiated MIL-100 (Cr). Fig. 6.3 (a) shows that 82±0.02% of 51Cr could be extracted 

using HCl versus 57±0.2% when applying H2SO4 at a fixed extraction time of 1 h. The 

corresponding enrichment factor were 458±30 and 428±195, respectively. Extending the 

extraction time to 24 hours, the extraction efficiency decreased to 54±0.01% and 51±0.02% 

for HCl and H2SO4 respectively. The EF for HCl was also found to decrease from 458±30 to 

207±9 after 24 hours of extraction. Using speciation calculation, it appears that CrCl2+ and 



Production of high specific activity 51Cr using MIL-100 (Cr) and MIL-101 (Cr) and the Szilard-Chalmers effect 

 

145 

Cr(SO4)+ are the main chromium species under these conditions. HCl is volatile which can 

lead to loss after long extraction time, which will influence the formation of chromium 

species resulting in a significant reduction of separation efficiency and enrichment factor. 

 

Fig. 6.3. (a) Efficiency, (b) enrichment factor and (c) specific activity of 51Cr extracted with 

different chemical reagents at different times from irradiated MIL-100 (Cr).  

6.3.3 51Cr extraction from irradiated MIL-101 (Cr) 

Fig. 6.4 (a) displays the extraction efficiency of MIL-101 (Cr) using three different chemical 

reagents at 1 h. It can be observed that 57±0.05% of 51Cr can be extracted using HCl and 

H2SO4, while a relatively higher enrichment factor of 670±121 can be achieved using H2SO4 

compared with that of HCl (552±116). When EDTA was applied for 51Cr extraction, a much 

higher enrichment factor (1132±50) could be obtained although it has a lower separation 

efficiency (22±0.04%). This high enrichment factor is similar to the one previously reported 

that has an enrichment factor of 1150 [3], but this separation method is simpler and faster. 

Considering the practical application of 51Cr in nuclear medicine, higher specific activity of 

51Cr needs to be produced. So, the MOFs will be irradiated for a longer time to produce 51Cr 

with higher specific activity in the following process.  

 

Fig. 6.4. (a) Efficiency, (b) enrichment factor and (c) specific activity of 51Cr extracted with 

different chemical reagents for 1 h from irradiated MIL-101 (Cr). 
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6.4 Conclusion  

MIL-100 (Cr) and MIL-101 (Cr) were synthesized and applied to produce 51Cr using the 

Szilard-Chalmers method. Different conditions were explored to separate the produced 51Cr 

using EDTA, HCl and H2SO4. For irradiated MIL-100 (Cr), the optimum conditions appear 

to be using 1 mM EDTA at pH 1 after extraction time of 1 h. When HCl and H2SO4 were 

applied to separate 51Cr, high extraction efficiency (>50%) and enrichment factor (200~500) 

could be obtained. For irradiated MIL-101 (Cr), high extraction efficiency (>50%) and 

enrichment factor (500~700) could be obtained when HCl and H2SO4 were used to separate 

51Cr. Although 51Cr separation had relatively lower separation efficiency (~22%) using 

EDTA, a high enrichment factor (~1132±50) and specific activity (~351 GBq/g) were 

achieved.  
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Radionuclides are essential in nuclear medicine and therefore new and improved production 

methods continue to play an important role in ensuring sustainable availability. This thesis 

focuses on the production of two radionuclides (99mTc and 51Cr) using metal-organic 

frameworks (MOFs). MOFs are novel porous materials and their potential to be utilized in 

radionuclide production has been explored for the first time in this thesis. Chapter 1 gives a 

general introduction to the current production of 99mTc and 51Cr, and emphasizes the role that 

metal-organic frameworks can play based on their attractive properties.   

In chapter 2, UiO-66 (Zr) and its derivatives were prepared and their molybdenum adsorption 

performance at different concentrations was studied. The maximum molybdenum adsorption 

capacity of UiO-66 (Zr) that could be reached was 335 mg/g. The interaction between 

adsorbents and molybdenum species was investigated by FT-IR, XPS and DFT. The results 

demonstrated that the molybdenum adsorption performance was influenced by the 

combination of Zr-O-Mo coordination, π-anions and hydrogen bonding. The Form-UiO-66 

was selected as adsorbents for the preparation of 99Mo/99mTc generator. When a molybdenum 

concentration of 10 mg/mL was applied, the practical adsorption capacity of 145 mg/g could 

be achieved and 60–70% separation efficiency of 99mTc could be obtained without Zr 

breakthrough, but showing higher 99Mo breakthrough compared with that of the commercial 

alumina columns currently used. 

Based on the results of chapter 2, it was suspected that the diffusion of molybdenum species 

with large sizes could be restricted by the micropores of UiO-66, resulting in limited 

adsorption capacity. In Chapter 3, in search of higher molybdenum adsorption capacity, two 

mesoporous porphyrin metal-organic frameworks (PCN-222 and PCN-224) were 

synthesized and their molybdenum adsorption performance was evaluated at different 

molybdenum concentrations and pH. The maximum adsorption capacity of PCN-222 and 

PCN-224 was 525 mg/g and 455 mg/g, respectively. The results demonstrated that MOFs 

with high surface area and mesoporous structure could prompt molybdenum adsorption 

capacity by electrostatic attraction, coordination and hydrogen bonds. The separation 

performance of 99Mo/99mTc generator fabricated with PCN-222 was tested using saline 

solutions having different pH. 56% elution yield of 99mTc without zirconium breakthrough 

could be achieved, but still with relatively high 99Mo breakthrough ~2%.  
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The results of chapter 3 showed that the molybdenum adsorption capacity of the prepared 

MOFs was improved a lot, but the elution efficiency of 99mTc from the fabricated generator 

was not ideal. To improve the elution efficiency, UiO-66 (Ce) as an adsorbent for 99Mo/99mTc 

generator was evaluated in Chapter 4. The results showed that this adsorbent exhibited 

excellent radiation stability and the maximum molybdenum adsorption capacity of 475 mg/g 

could be obtained at pH 3. Then UiO-66 (Ce) was applied to fabricate a 99Mo/99mTc generator 

that was eluted daily for two weeks. 92±3% of 99mTc elution yield could be obtained with 

negligible cerium breakthrough, showing that UiO-66 (Ce) as adsorbent for 99Mo/99mTc 

generators has great potential to achieve eventual practical application. 

In chapter 1, we have set the goals of this research and achieved them to a large extent: 

✓ High molybdenum capacity adsorbents with excellent 99mTc elution performance were 

developed. 

✓ Interaction between the molybdenum oxyanions and MOFs was uncovered.  

✓ A radionuclide generator based on the best adsorbent (UiO-66 (Ce)) found during this 

research was designed and its performance can fulfill the European Pharmacopeia 

standards but requires further reduction of 99Mo breakthrough. 

Based on the results of Chapters 2, 3 and 4, we attempted to provide valuable insight into 

selecting new MOFs to serve as adsorbents in 99Mo/99mTc generator. (1) In general, the 

selected MOFs should have excellent chemical and radiation stability. (2) The selected MOFs 

should have high IEPs. (3) The selected MOFs should have high surface area and large pore 

volume, which can promote molybdenum adsorption, achieving a high adsorption capacity 

(Fig. 7.1). (4) The selected MOFs containing defects, which can generate hydroxyl groups, 

are favorable for the development of adsorbents with high adsorption capacity. In addition, 

for the practical application and commercial availability using 99Mo with low specific activity, 

the high elution efficiency (>80%) and low Mo breakthrough (<0.1%) must be achieved. It 

was shown that 99mTc elution efficiency of UiO-66 (Zr) and UiO-66 (Ce) of around 70% and 

92%, respectively could be achieved. However, the PCN MOFs displayed relatively lower 

99mTc elution efficiency, which could be caused by the pH value of the saline solution used 

for the elution. When the pH<IEP, some available adsorption sites can be generated after 

removing the loosely adsorbed Mo species and then the decayed 99mTc ions are anchored on 

those adsorption sites, causing the observed low elution efficiency. When the pH>IEP, the 
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weakly adsorbed Mo species by electrostatic attraction can be washed out and the produced 

decayed 99mTc will not be trapped by those available adsorption sites, leading to higher 

separation efficiency. Therefore, elution at the right pH is considered an important factor. 

Overall, to utilize the 99Mo with low specific activity, more new adsorbents can be developed 

by employing MOFs-based material possessing high surface area, big pore volume and 

specified adsorption selectivity. In the future, more research should be carried out to achieve 

a perfect adsorbent to prepare a 99Mo/99mTc generator, so that it can fulfill the European 

Pharmacopeia standards and be successfully utilized using low specific activity 99Mo. 

 

Fig. 7.1. Summary of molybdenum adsorption capacity of reported MOFs in this thesis as 

the function of surface area and pore volume. 

In Chapter 5, the radiation resistance of chromium-based MOFs was studied which is 

essential to apply MOFs for the production of 51Cr (Chapter 6). Therefore, MIL-100 (Cr) and 

MIL-101 (Cr) were irradiated using gamma rays at doses ranging from 0 Gy to 5 MGy. 

Meanwhile, the radiation stability of MIL-100 (Fe) and AlFu MOFs was also investigated by 

performing a systematic study so that we could explain how the structure of the MOFs can 

affect the radiation stability of the MOFs. The results showed that MIL-100 (Fe) and MIL-

100 (Cr) exhibited outstanding radiation stability when exposed to radiation of high doses (5 

MGy). MIL-101 (Cr) showed good radiation stability after exposure to gamma doses within 

a range of 0~4 MGy. The structure of AlFu MOFs suffered severe damage after receiving 2 
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MGy gamma dose. Structural analysis showed that the linker aromaticity plays a key role in 

the radiation stability of MOFs. Based on our results, it seems that the radiation stability 

could be enhanced for MOFs with high linker connectivity and good crystallinity. This work 

provides guidance to predict the radiation stability of other MOFs so that they can be utilized 

in various new nuclear-related applications. 

MIL-100 (Cr) and MIL-101 (Cr) were then selected as radiation targets for the production of 

51Cr. 51Cr was produced by neutron activation and separated by the solid-liquid method based 

on the Szilard-Chalmers effect. For the irradiated MIL-100 (Cr), the separation results 

showed that a high enrichment factor (~564) of 51Cr could be obtained using EDTA (1 mM) 

at pH 1 after 1 h extraction. For the irradiated MIL-101 (Cr), a high enrichment factor (1132) 

could be acquired using EDTA. However, considering the practical application in the clinic, 

higher specific activity of 51Cr (1850 GBq/g) should be produced. Therefore, longer 

irradiation will be carried out to increase the specific activity of produced 51Cr in the future. 

In summary, this thesis explores the potential application of MOFs in the production of 

radionuclides. It is proved that MOFs as molybdenum adsorbents showed great potential in 

99Mo/99mTc generator, achieving a high separation efficiency and low chemical impurity. A 

high enrichment factor for 51Cr production could be obtained. Meanwhile, the structural 

factors of MOFs, including aromaticity of linkers, connections nodes, density and photon 

cross sections of metals, determined their radiation stability together. Based on the research 

results in this thesis, some fundamental guidance has been proposed to select MOFs, which 

could be applied for adsorption and separation, and production of other radionuclides in the 

future.  
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Samenvatting 

Radionuclide zijn essentieel voor nucleaire geneeskunde en daarom blijven nieuwe en 

verbeterde productiemethodes een belangrijke rol spelen bij het waarborgen van duurzame 

beschikbaarheid. Deze thesis focust op de productie van twee radionuclide (99mTc en 51Cr) 

met behulp van metal-organic frameworks (MOFs). MOFs zijn innovatieve poreuze 

materialen en hun potentieel om te worden gebruikt bij de productie van radionucliden is 

voor het eerst onderzocht in deze thesis. Hoofdstuk 1 geeft een algemene introductie over de 

huidige productie van 99mTc en 51Cr, en benadrukt de rol die metal-organic frameworks 

kunnen spelen gebaseerd op hun aantrekkelijke eigenschappen. 

In hoofdstuk 2, UiO-66 (Zr) en zijn derivaten waren voorbereid en hun molybdenum 

adsorptieprestaties bij verschillende concentraties zijn onderzocht. De maximale 

molybdenum adsorptie capaciteit van UiO-66 (Zr) dat behaald kon worden was 335 mg/g. 

De interactie tussen de adsorbentia en molybdeen soorten zijn onderzocht door FT-IR, XPS 

en DFT. De resultaten tonen aan dat de molybdenum adsorptieprestatie beïnvloed was door 

de combinatie van Zr-O-Mo coördinatie, π-anionen en waterstofbruggen. De Form-UiO-66 

was geselecteerd als adsorbentia voor de voorbereiding van de 99Mo/99mTc generator. Toen 

een molybdenum concentratie van 10 mg/ml was toegepast, kon de praktische absorptie 

capaciteit van 145 mg/g worden behaald en kon 60–70% scheidingsefficiëntie van 99mTc 

verkregen worden zonder Zr doorbraak, maar met een hogere 99Mo doorbraak in vergelijking 

met dat van commerciële aluminium kolommen die momenteel gebruikt worden. 

Op basis van de resultaten van hoofdstuk 2 werd vermoed dat de diffusie van molybdenum 

soorten met grote afmetingen beperkt zouden kunnen worden door de microporiën van UiO-

66, resulterend in gelimiteerde adsorptiecapaciteit. In hoofdstuk 3, in zoektocht naar hogere 

molybdenum adsorptie capaciteiten, twee mesoporeuze porfyrine metal-organic frameworks 

(PCN-222 en PCN-224) werden gesynthetiseerd en hun molybdenum adsorptieprestaties 

werden geëvalueerd bij verschillende molybdenum concentraties en pH. De maximale 

adsorptie capaciteit van PCN-222 en PCN-224 waren respectievelijk 525 mg/g en 455 mg/g. 

De resultaten tonen aan dat MOF’s met een groot oppervlak en mesoporeuze structuur 

molybdeenadsorptiecapaciteit kunnen stimuleren door elektrostatische aantrekking, 

coördinatie en waterstofbruggen. The scheidingsprestatie van de 99Mo/99mTc generator 
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vervaardigd met PCN-222 is getest met zoutoplossingen met verschillende pH. 56% elutie-

opbrengst van 99mTc zonder zirkonium doorbraak kon behaald worden, maar nog steeds met 

relatieve hoge 99Mo doorbraak ~2%.  

De resultaten van hoofdstuk 3 laten zien dat de molybdenum adsorptie capaciteit van de 

bereide MOF’s sterk verbeterd is, maar de elutie-efficiëntie van 99mTc van de gefrabiceerde 

generator niet ideaal is. Om de elutie-efficiëntie te verbeteren, werd UiO-66 (Ce) als 

adsorbens voor de 99Mo/99mTc generator geëvalueerd in hoofdstuk 4. De resultaten toonden 

aan dat dit adsorbens een uitstekende stralingsstabiliteit vertoonde en dat de maximale 

molybdeenadsorptiecapaciteit van 475 mg/g kon worden verkregen bij pH 3. Vervolgens 

werd UiO-66 (Ce) aangebracht voor de fabricatie van de 99Mo/99mTc generator die gedurende 

twee weken dagelijks werd geëlueerd. 92±3% van 99mTc elutie-opbrengst kon behaald 

worden met verwaarloosbare cerium doorbraak, aantonend dat UiO-66 (Ce) als adsorbens 

voor 99Mo/99mTc generators groot potentieel vertoond om uiteindelijke praktische toepassing 

te bereiken 

In hoofdstuk 1 hebben we de doelen van dit onderzoek vastgesteld en deze voor een groot 

deel bereikt: 

✓ Hoge molybdeen capaciteit adsorbens met excellente 99mTc elutie prestaties zijn 

ontwikkeld. 

✓ Interactie tussen molybdeenoxyanionen en MOF’s zijn ontdekt. 

✓ Een radionuclide generator gebaseerd op de beste adsorbens (UiO-66 (Ce)) gevonden 

tijdens dit onderzoek was ontworpen en de prestaties daarvan kunnen voldoen aan de 

normen van de European Pharmacopeia maar vereisen een verdere vermindering van de 

doorbraak van 99Mo. 

Op basis van de resultaten van hoofdstukken 2,3 en 4 hebben we geprobeerd om waardevolle 

inzicht te geven in het selecteren van nieuwe MOF’s om te dien als adsorbentia in de 

99Mo/99mTc generator. (1) In het algemeen moeten de geselecteerde MOF’s uitstekende 

chemische stabiliteit en stralingsstabiliteit hebben. (2) De geselecteerd MOF’s moeten hoge 

IEP’s hebben. (3) De geselecteerde MOF’s moeten een groot oppervlakte en een groot 

porievolume hebben, wat de adsorptie van molybdeen kan bevorderen, waardoor een hoge 

adsorptiecapaciteit wordt bereikt (Fig. 7.1). (4) De geselecteerde MOF’s die defecten 

bevatten, die hydroxyl groepen kunnen generen, zijn gunstig voor de ontwikkeling van 

adsorbentia met hoge adsorptie capaciteit. Bovendien voor de praktische applicatie en 
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commerciële beschikbaarheid gebruik maken van 99Mo met lage specifieke activiteit, moet 

hoge elutie-efficiëntie (>80%) en lage Mo doorbraak (<0.1%) bereikt worden. Er is 

aangetoond dat 99mTc elutie-efficiëntie voor UiO-66 (Zr) en UiO-66 (Ce) rond de 70% en 92% 

respectievelijk bereikt kan worden. Echter de PCN MOF’s vertoonden een relatief lagere 

99mTc elutie-efficiëntie, wat veroorzaakt zou kunnen worden door de pH-waarde van de 

zoutoplossing die gebruikt is voor de elutie. Wanneer de pH<IEP, kunnen sommige van de 

beschikbare adsorptie plaatsen gegenereerd worden na het verwijderen van zwak 

geabsorbeerde Mo soorten en dan zijn de vervallen 99mTc ionen verankerd op die absorptie 

plaatsen, zorgend voor de laag waargenomen elutie-efficiëntie. Wanneer de pH>IEP, kan de 

zwak geabsorbeerde Mo soorten door elektrostatische aantrekking worden uitgewassen en 

zal de geproduceerde vervallen 99mTc niet gevangen worden bij die beschikbare adsorptie 

plaatsen, zorgend voor een hogere scheidingsefficiëntie. Daarom wordt elutie bij de juiste 

pH als een belangrijke factor beschouwd. Over het algemeen kunnen, om gebruikt te kunnen 

maken van 99Mo met lage specifieke activiteit, meer nieuwe adsorbentia ontwikkeld worden 

door gebruikt te maken van op MOF’s gebaseerde materialen met een groot oppervlak, een 

groot porie volume en een gespecificeerd adsorptieselectiviteit. In de toekomst moet meer 

onderzoek gedaan worden om een perfecte adsorbens te verkrijgen voor het voorbereiden 

van een 99Mo/99mTc generator, zodat deze kan voldoen aan de European Pharmacopeia 

normen en succesvol gebruikt kan worden met laag specifieke activiteit 99Mo.  

In hoofdstuk 5 is de stralingsbestendigheid van de op chroom gebaseerde MOF’s onderzocht, 

wat essentieel is voor het toepassen van MOF’s voor de productie van 51Cr (Hoofdstuk 6). 

Daarom zijn MIL-100 (Cr) en MIL-101 (Cr) bestraald met gammastraling in dosis variërend 

van 0 Gy tot 5 MGy. Ondertussen zijn ook de stralingsstabiliteit van MIL-100 (Fe) en AlFu 

MOF’s onderzocht door het uitvoeren van een systematische studie zodat we zouden kunnen 

verklaren hoe de structuur van de MOF invloed kan hebben op de stralingsstabiliteit van de 

MOF’s. De resultaten toonden aan dat MIL-100 (Fe) en MIL-100 (Cr) uitstekende 

stralingsstabiliteit vertoonden bij blootstelling aan hoge dosis (5 MGy). MIL-101 (Cr) 

vertoonde goede stralingsstabiliteit na blootstelling aan gammadoses binnen een bereik van 

0~4 MGy. De structuur van de AlFu MOF’s liep ernstige schade op na ontvangst van 2 MGy 

gamma dosis. Structurele analyse toonde aan dat de aromatiteit van de linker een sleutelrol 

speelt in de stralingsstabiliteit van de MOF’s. Op basis van onze resultaten lijkt het erop dat 

stralingsstabiliteit zou kunnen worden verbeterd voor MOF’s met hoge linkerconnectiviteit 
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en goede kristalliniteit. Dit werk biedt richtlijnen voor het voorspellen van stralingsstabilteit 

van andere MOF’s, zodat ze gebruikt kunnen worden in verscheidene nieuwe nucleair 

gerelateerde toepassingen.  

 

Fig. 7.1. Samenvatting van de molybdeen adsorptie capaciteit van gerapporteerde MOF’s in 

deze thesis als de functie van oppervlakte en porievolume. 

MIL-100 (Cr) en MIL-101 (Cr) werden vervolgens geselecteerd als stralingsdoelen voor de 

productie van 51Cr. 51Cr werd geproduceerd door neutron n activering en gescheiden door de 

solid-liquid methode gebaseerd op het Szilard-Chalmers effect. Voor de bestraalde MIL-100 

(Cr) toonden de scheidingsresultaten aan dat een hoge verrijkingsfactor (~564) van 51Cr 

behaald kon worden gebruik makend van EDTA (1 mM) bij pH 1 na 1 uur extractie. Voor 

het bestraalde MIL-101 (Cr) kon een hoge verrijkingsfactor (1132) verkregen worden met 

EDTA. Echter zou gezien de praktische toepassing in de kliniek een hogere specifieke 

activiteit van 51Cr (1850 GBq/g) geproduceerd moeten worden. Daarom zullen langere 

bestralingen uitgevoerd worden voor het verhogen van de specifieke activiteit van 51Cr in de 

toekomst. 

Samenvattend onderzoekt dit proefschrift de mogelijke toepassing van MOF's bij de 

productie van radionucliden. Het is bewezen dat MOF's als molybdeenadsorptiemiddelen een 

groot potentieel vertoonden in de 99Mo/99mTc generator, waarbij een hoge 

scheidingsefficiëntie en een lage chemische onzuiverheid werden bereikt. Een hoge 
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verrijkingsfactor voor 51Cr-productie kon worden verkregen. Ondertussen bepaalden de 

structurele factoren van MOF's, waaronder aromaticiteit van linkers, 

verbindingsknooppunten, dichtheid en fotondoorsneden van metalen, hun stralingsstabiliteit 

samen. Op basis van de onderzoeksresultaten in dit proefschrift zijn er fundamentele 

richtlijnen voorgesteld voor het selecteren van MOF's, die in de toekomst kunnen worden 

toegepast voor adsorptie en scheiding, en de productie van andere radionucliden. 
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